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ABSTRACT

This research investigates the physical and chemical processes that contribute to
the detonation synthesis of silicon carbide nanoparticles. Bulk production of SiC
nanoparticles through detonation is possible due to pressures achieved over 20 GPa and
temperatures over 2000 K as well as quenching rates in excess of 13 billion K/second.
These conditions catalyze reaction and bottom-up molecular growth while retaining
particles <100 nm in diameter. In this work, detonation synthesis of SiC was
demonstrated by incorporation of polycarbosilane, an SiC precursor material, into an
RDX/TNT explosive matrix prior to detonation. Detonation Synthesis of SiC was also
accomplished by reacting elemental silicon with carbon liberated by the detonation of
negatively oxygen balanced TNT. Hydrodynamic simulation of a 60:40 mass ratio
RDX/TNT detonation created conditions thermodynamically suitable to produce cubic
silicon carbide within the first 500 nanoseconds after the passage of the detonation wave
while carbon remains chemically reactive for molecular formation. Simulations and
experimental tests indicated that loading configuration and impedance mismatch of the
precursor additives used in detonation synthesis results in conditions in the additives that
exceed the accepted detonation pressure of the explosive by greater than three times.
Finally, a full factorial experimental design showed increasing silicon concentration,
reducing silicon size, and reducing oxygen balance by adjusting the ratio of RDX to TNT
decreased the explosives detonation pressure by 20% and increased the soot yield and
concentration of SiC observed in the detonation products by 82% and 442% respectively.
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1. INTRODUCTION

Detonation synthesis is the process of using the extreme pressure and temperature
of an explosive as well as the rapid quenching rates associated with explosive detonation
to catalyze the production of desirable nanocrystalline phases. Since the invention of the
process of detonation synthesis to produce nanodiamond in the 1960s, the topic has
become an intriguing subject of research regarding the rapid production of nanomaterials
in general. Of particular interest are ultra-hard and high temperature materials, like
diamond, that are difficult and expensive to produce in the nano scale through more
conventional size reduction processes [1]. Owing to the rapid reaction rates, and
relatively low cost of energetic materials used, detonation has the potential to produce
desired material phases in the nano scale at a fraction of the cost of traditional methods of
production via size reduction of larger particles such as attrition milling. In short,
explosives work well for quickly making small, hard materials.
Despite clear promise of detonation as a method of nanomaterial synthesis, the
process has struggled to gain traction worldwide. A lack of widespread development and
adoption of the detonation synthesis process by industry is due primarily to the difficulty
in controlling and reproducing the state of the detonation products at different scales, the
hazards associated with the process, and a general lack of understanding in industry of
the explosive detonation phenomenon. This dissertation is written to provide clarifying
information that will serve as a guide regarding the state of the detonation products, both
physical and chemical, to parties involved in the design and development of experimental
and industrial detonation synthesis processes.
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Successful detonation synthesis of nanopowders is desirable due to the rapid
production and low capital cost of the process. The purpose of the present study is to
demonstrate production of SiC nanoparticles by detonation synthesis utilizing mixtures of
RDX and TNT containing dispersed elemental silicon as a synthetic precursor, thus
exploring the possibility of direct detonation synthesis as a novel means of SiC
nanopowder production.
Nano crystalline silicon carbide is an important ceramic material due to its
hardness as well as its thermally stable properties including high oxidation resistance and
high melting point [2]. SiC as a semiconductor, also exhibits interesting electrical
properties such as voltage dependent resistance, and superconductivity when doped with
boron or aluminum [3]. These desirable properties make the materials suitable for a
variety of applications ranging from high-temperature and high-power semiconductors
and substrates in integrated circuits, to reinforcing materials in ceramic armors and
cutting tools, as well as applications in thermally conductive refractory materials [49].
The goal of this dissertation was to advance the understanding of the detonation
phenomenon as it relates to advancing detonation synthesis as a viable means of
production for high-pressure high-temperature nanomaterial phases. SiC was selected as
a target material for this study by incorporation of precursors into an RDX/TNT matrix as
it has been identified within the literature as a material with desirable properties that have
been produced successfully through detonation [4, 5, 6]. To evaluate the process of
detonation synthesis of SiC four guiding questions were considered:
1) Can detonation be used to facilitate SiC production from an organic precursor that
naturally decomposes to form silicon carbide during pyrolysis?

3
2) What effect does the addition of precursor materials have on the propagation of the
detonation wave?
3) Can SiC be synthesized by directly reacting elemental Si with free carbon liberated
during detonation?
4) How does the concentration of Si, its particle size, and the RDX/TNT ratio of the
explosive affect the production of Silicon Carbide?
The ability to predict phases formed in detonation synthesis experiments is
paramount to the development of detonation as a viable means for material synthesis.
Predicting phase production prior to testing will save costs in experimental setup as well
as post-test material processing. These predictions involve multiple energy transfer
mechanisms caused by detonation, including chemical reactions, shock compression, and
advection. The mechanisms influence the magnitude and duration of temperatures and
pressures observed within the detonation products, and ultimately the material phases
produced. The analytical workflow developed in this dissertation to evaluate these
changes will enable the assessment of the product states during and after detonation.
Ultimately, this work will facilitate more reliable prediction of phase production in
detonation synthesis experiments. Herein, alternative methods for evaluating and
manipulating the transfer of energy in detonation products via thermomechanical and
thermochemical simulation are described and validated experimentally. To answer each
of the proposed guiding questions the following methods were utilized:
• Hydrodynamic simulation of detonation product state from cylindrical explosive
compositions of RDX and TNT
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• Thermochemical analysis and prediction of the condensed detonation products of
RDX/TNT based explosive mixtures with synthetic additives
• Formulation and performance testing of the explosive mixtures intended for
detonation synthesis
• Experimental detonation synthesis testing to produce SiC
• Processing and characterization of condensed phase detonation products from
synthesis experiments
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2. LITERATURE REVIEW

This section highlights the background literature reviewed as it relates to the topic
of detonation synthesis. Topics developed in the literature review include the Zeldovich,
von Neumann, and Doring model of a non-equilibrium finite width detonation wave,
thermochemical modeling of detonation and oxygen balance, a brief history of the
discovery of detonation synthesis, detonation synthesis research with precursor additives,
and the current conventional methods of silicon carbide nanopowder production. These
sections highlight the fundamental background used to develop the topic of detonation
synthesis leading into further and more subject specific literature review addressed in
each of the subsequent papers.

2.1. ZELDOVICH, VON NEUMANN, AND DORING MODEL OF DETONATION
Detonation is an exothermic combustion reaction process that propagates through
a material at a rate that is faster than the speed of sound through the material [7, 8]. More
explicitly, the reaction is driven forward by an irreversible steady state shock wave that is
driven into the unreacted explosive by the expanding products of the combustion
reactions [9]. This wave is commonly referred to as a detonation wave [8].
In the general Zeldovich, Von Neumann, Doring (ZND) model of a finite width
reaction zone detonation, a material undergoes two state variable transitions as it moves
from the unreacted and the fully detonated state [10, 11, 12]. Figure 2.1 shows a
graphical representation of the ZND model of a steady state detonation wave. The wave
is viewed in a Lagrangian reference system from the standpoint of the detonation wave as
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the energetic material flows through it, is shocked, decomposition of the reactants is
induced, and expansion of the products occurs. The detonation wave is broken down into
two distinct zones, the induction zone and the reaction zone. The induction zone begins
when material flows past the detonation shock and ends as the material begins to react in
bulk. The reaction zone begins once the material has been induced into bulk reaction and
continues until it is completely reacted.

Figure 2.1 A qualitative graphical representation of the Zeldovich, Von Neumann, Doring
model of a detonation.

When the explosive material travels across the detonation shock, its pressure rises
to its peak value, also referred to as the von Neumann Spike, as reaction is induced. As
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the material reacts exothermically in the reaction zone and begins to expand its volume
begins to increase, and its pressure decreases. The Chapman Jouguet (C-J) state and C-J
Pressure occur at the end of the reaction zone. Beyond the reaction zone pressure will
decay exponentially according to Taylor wave expansion. Qualitatively, density will
follow a similar trace to pressure and specific volume will follow an inverse trace to
pressure with values depending on the materials’ shock Hugoniot, an empirical
relationship between two or more the state variables of a shocked material that represents
all the possible states of the material as it undergoes shock compression [14].
Temperature of the material is increased due to compressive heating as the
material flows across the detonation shock. Temperature stagnates until the exponentially
increasing reaction rate develops and the material begins to decompose in bulk causing
temperature to further rise through the reaction zone. Once reacted, the materials’
temperature will decay back to ambient conditions as the products expand. Reactant’s
flow into the detonation wave at a velocity equal to the detonation velocity of the
explosive (D). The impact of the shock front accelerates the material reducing its velocity
relative to the shock front to its minimum in the induction zone. As the material begins to
react it still carries the momentum input by shock impact in the direction of the
detonation wave, but as the material travels through the reaction zone it begins to expand
in all directions and begins to accelerate away from the detonation wave. This
deceleration continues exponentially beyond the reaction zone until the material returns
to ambient conditions in the flow field.
At this point the reacted coefficient is mostly self-explanatory. Material enters the
detonation wave unreacted or with a reacted coefficient of 1, as the reaction is induced
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the reacted coefficient begins to decrease exponentially until all the material has
combusted at which point the reacted coefficient is zero.

2.2. THERMOCHEMICAL MODELING OF DETONATION
Most commonly used organic condensed phase explosives consist of aromatic
rings comprised of carbon, hydrogen, nitrogen and oxygen (CHNO) [13]. While some
common inorganic explosives exist such as thermites, azides and detonable oxidizers
such as ammonium nitrate, these explosives fall beyond the scope of this dissertation
[13].
In CHNO explosives, oxygen balance is a commonly used measure for evaluating
the performance in terms of brisance, or shattering effect resulting from detonation
pressure, of the explosive based on its chemical composition [7]. Oxygen balance is
expressed in terms of the weight of excess oxygen compared to the weight of the
explosive calculated under the assumption that the formation of detonation products
follows the following order of priorities [7]:
1) All the nitrogen forms N2
2) All the hydrogen is burned to H2O.
3) Any oxygen left after H2O formation burns carbon to CO.
4) Any oxygen left after CO formation burns CO to CO2
5) Any oxygen remaining forms O2
6) Traces of NOx (mixed oxides of nitrogen) are always formed.
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Oxygen Balance (OB%) evaluates the weight of excess oxygen following the order of
priorities compared to the weight of the explosive as defined by Equation 1 [7]
𝑂𝐵% = 100 ∗

16
𝑦
(𝑧 − 2𝑥 − )
𝑀𝑊𝑒𝑥𝑝
2

(1)

where 16 is the atomic weight of oxygen, MWexp is the molecular weight of the
explosive, and x, y, and z represent the number of atoms of C, H and O, respectively, that
are present in the reactant explosive.
Theoretically, a CHNO explosive is optimized in terms releasing energy from its
bonds when its oxygen balance is as near to zero as possible, as in this case all of the
carbon present reacts to from CO2, all of the Hydrogen reacts to from H2O, and all of its
Nitrogen reacts to form N2 [30]. However, for most explosives the oxygen balance is not
zero. TNT is a strongly negatively oxygen balanced explosive at -74%, so it produces
solid carbon as a product of its detonation which is commonly associated with the
production of detonation nanodiamond [15]. RDX is weakly negatively oxygen balanced
at -21%, so its carbon typically reacts to form gaseous CO within the detonation products.
The successful production of SiC from the addition of elemental silicon to an RDX/TNT
explosive matrix such as Composition B, a 60:40 mass ratio of RDX to TNT indicates
that carbon condensed from the TNT subsequent to detonation remains in a reactive state
allowing behavior outside of the typical order of priorities accepted for CHNO
explosives.
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2.3. THERMOMECHANICAL MODELING OF A COMPOSITION B
DETONATION
For most commonly used explosive compositions, in addition to the shock
Hugoniots, empirical data has been collected to determine the state of the detonation
products during expansion using numerical models such as the Jones Wilkins Lee (JWL)
equation of state (EOS) (equations 2 and 3) [16, 17, 18].
(2)
(3)
where V is the ratio of the volume of the detonation products to the volume of the
original charge, ω is the Gruneisen coefficient V(∂P), A, B, R1, and R2 are explosive
specific parameters, and e is the heat of detonation for the selected explosive [19]. The
parameters A and B have dimensions of pressure, while R1, R2, and ω are dimensionless,
and are subject to the constraints that R1 > R2 > 0 and ω > 0 [19]. Moreover, for a JWL
EOS of explosive products A > B > 0, but for reactants A < B < 0. Table 2.1 shows
empirically collected JWL parameters that were used to model detonation product
expansion in this dissertation [19]. Table 2.1 shows the JWL expansion product
parameters that were used in this study to predict detonation product expansion
conditions. 2D axial symmetry is used to reduce computational cost in the simulations in
comparison to 3D simulation while allowing sufficient spatial and temporal resolution to
characterize detonation propagation through the explosive model [21, 22]. Eulerian
coordinate systems handle large deformations observed in explosive detonation models
well as the coordinate grid is fixed in space and allows displaced materials to flow
through the grid [23, 24]. A density fringe plot from a simulation of a 17.2 cm long x 2.5
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cm diameter 150 gram Composition B charge 7.4 μs into detonation in air with a spatial
resolution of 0.25 mm x 0.25 mm per Euler cell is shown in Figure 2.2. This spatial
resolution is effective for simulating detonation and product expansion within condensed
phase explosives [21].

Table 2.1 JWL parameters for RDX and TNT, and Composition B [ 2 0 ] .

RDX

TNT

60/40
Comp
B

CJ Pressure (MBar)

0.340

0.210

0.295

CJ Detonation Velocity
(cm/μs)
E0 (MBar cm3/cm3)
ρ0 (g/cm3)

0.839

0.693

0.798

0.090

0.060

0.085

1.787

1.630

1.717

A (Mbar)

5.814

3.738

5.242

B (Mbar)

0.068

0.038

0.077

R1

4.100

4.150

4.200

R2

1.000

0.900

1.100

ω

0.350

0.350

0.350

JWL Explosive Parameters

The explosive material model used in the hydrodynamic simulation is
Composition B, a 59.5 weight percent (wt. %) RDX, 39.5 wt. % TNT, and 1 wt. % wax
composition formed into a cylinder at an initial density of 1.70 g/cm3. Reactive flow in
the Composition B is modeled using a pressure and hotspot dependent Lee-Tarver
ignition and growth reactive burn (IGRB) model [29]. The Lee-Tarver IGRB model uses
two separate JWL equations of state to model the transition between the unreacted and
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reacted states for the Composition B, allowing reaction rate to be affected by pressure
and diameter [25, 26].

Figure 2.2 Density fringe plot from detonating 2.54 cm diameter cylindrical Composition
B cylinder modeled hydrodynamically using JWL product expansion.

The charge was initiated with a JWL modeled pellet of HMX of similar geometry
and composition to the exploding bridge wire detonator used to initiate the experimental
test charges discussed in Papers III and IV. Detonation in the initiating pellet was
modeled at constant velocity [20]. The charge was detonated in air modeled using an
ideal gas equation of state. A universal flow out boundary was placed on the extents of
the axially symmetric domain.
Physical state data from the detonation model was evaluated with time zero
treated as the time of arrival of the detonation shock at the measurement point minus one
time-step interval. At time zero the pressure observed in the detonation simulation is
equivalent to the C-J values for the explosive. Temperature is modeled along the
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reference isentropes from the JWL expansion model shown in Figure 2.2 using equation
4 [19].
(4)
where TCr is the temperature of the detonation products along their reference isentrope
using the C-J detonation state as a reference point [19]. Vr/V is the ratio of the specific
volume of the detonation products at the C-J reference point to the specific volume after
some degree of expansion [19]. Tr is the reference C-J temperature determined by
adiabatic flame temperature calculation of the Composition B [19, 27]. The pressure and
temperature of each time-step after the shock arrival are computed from the JWL
simulation for Composition B and are shown with duration representing the maximum
theoretical time interval between shock time of arrival, and the measurement of the data.
It should be noted that data for the simulation shows product expansion and cooling rates
at the center of the simulated charge, while expansion and cooling will be more rapid
near the free surfaces of the charge as shown in Figure 2.2. This difference is important to
the dissertation as charges with a larger cross section will sustain pressure for a longer
duration due to increased confinement which augments the phase production as indicated
by Danilenko and Shenderova [28]. Additionally, Hammons et al. have shown carbon
product morphology to vary depending on the location of carbon within the products
using small angle X-ray scattering experiments, thus highlighting charge diameter and
geometry as parameters that control the cooling path of the products [29]. Table 2.2
provides pressure and temperature as a function of time taken from the center of a 150
gram 2.5 cm diameter cylindrical charge of Composition B using a JWL equation of state
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to model product expansion from the charge for prediction of thermochemistry of the
products. The parameters of charge geometry, confining materials, and product expansion
were considered in the charge designs used in this dissertation in addition to composition
as these parameters also govern the rate of product expansion that affects the detonation
synthesis process [7, 30, 31, 32, 33, 34].

Table 2.2 Pressure and temperature outputs from gauge at charge center.
Duration
(μs)
0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0
11.0
12.0
13.0
14.0

Composition B
T
P (GPa)
(K)
3350
29.50
2955
12.50
2677
4.45
2384
1.45
2144
0.60
1951
0.27
1793
0.12
1662
0.05
1551
0.02
1456
0.02
1373
0.01
1300
0.01
1235
0.01
1178
0.00
1126
0.00

2.4. DETONATION SYNTHESIS HISTORY
Detonation synthesis is a process by which a material is produced or undergoes a
marked chemical change because of physical interaction with an energetic material
undergoing a detonation event [15, 35, 36]. These processes depend on the extreme
temperatures over 2000 Kelvin and pressures over 20 GPa produced from the detonation,
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along with the associated quenching over 16 billion Kelvin/second [36]. The most
prominent material produced by detonation synthesis is detonation nanodiamond, which
was discovered by Russian scientists in the 1960s to result from the detonation of
negatively oxygen balanced explosives in an inert environment [15]. The production of
detonation nanodiamond happens because of one of two processes. The first process
occurs in explosives such as a mixture of RDX and TNT, that produce excess carbon as a
reaction product due to their negative oxygen balance which under the elevated
temperature and pressure of detonation crystallizes and equilibrates into the metastable
diamond phase [28]. The mechanisms by which nanodiamond precipitates from a
detonation is a continued source of debate in the carbon chemistry and shock physics
communities. Much of the debate surrounds the timescales in which the formation of
condensed carbon phases occurs, the locus of carbon condensate on its phase diagram,
and effects of energy consumed in solid carbon production on the propagation of the
detonation wave [37, 36]. The second process used to produce detonation nanodiamond
involves detonating an energetic material loaded with a diamond precursor such as
graphitic carbon. These processes use the shock induced by the explosive detonation to
cause a phase change in the loaded material [38]. The former produces agglomerated
diamond particles with a size of ~5 nm while the latter method of shock loading graphite
produces fragmented diamond structures with sizes of greater than 20 nm. It is well
documented that structural differences exist between diamond produced through each of
these processes owing to the differences in the mechanisms by which the carbon
structures are produced [15, 38]. In both cases researchers are actively investigating the
pressure-temperature conditions of these materials during detonation to gain a better
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understanding of how carbon phase production relates to the physics and chemistry of
explosive detonation [39, 40].

2.5. DETONATION SYNTHESIS WITH PRECURSOR ADDITIVES
Beyond detonation nanodiamond, current detonation synthesis research involves
incorporating nonexplosive additives into an explosive mixture [35, 41, 42, 43, 44]. The
shock loading of the included particles during detonation induces dissociation, phase
changes, and/or reactions with the detonation products. Explosive detonation converts
chemical potential energy in the explosive to kinetic and thermal energy, which are used
to convert these precursor materials into different phases [36, 43, 45, 46, 42, 44, 15, 37,
1, 47, 48, 49]. Often, the fundamental mechanisms by which energy transfer occurs
through detonation enabling phase transitions are not well understood, leading some
authors to neglect commenting on the thermodynamic state during detonation, and only
discuss the final products [43, 41]. Several investigators cite the von Neumann spike
where reaction is induced by the detonation shock as the location of peak pressure, but do
not explicitly state these pressures for the explosive composition used in their
experiments. In many studies, the steady-state detonation pressure of the explosive
matrix, or the Chapman-Jouguet (C-J) pressure, is reported as equivalent to the loading
stress to which the precursor materials are subjected [42, 35, 47]. This dissertation will
study the mechanisms of detonation as they relate to the detonation synthesis of silicon
carbide.

17
2.6. CONVENTIONAL SILICON CARBIDE MANUFACTURE
Traditionally silicon carbide is manufactured by carbothermal reduction of silicon
dioxide in a graphite resistor furnace at temperatures between 2000-2800 Kelvin [50, 51].
Silicon carbide exists in a variety of polymorphs falling into two distinct categories, αhexagonal and β-cubic silicon carbide [52]. The conventional manufacturing processes
typically produces silicon carbide particles > 1 μm, requiring expensive and heavily
contaminating milling process to reduce the hard particles into the nanoscale where they
can serve a variety of novel applications [53, 54].

2.7. SUMMARY
The goal of this dissertation is to use the fundamental understanding of the
detonation process to relate the parameters of detonation to the synthesis of silicon
carbide nanoparticles. From the literature review and background studies detonation
thermomechanics and thermochemistry (oxygen balance), were identified as pertinent to
the detonation synthesis of nanomaterials. Despite these findings, the role of these
fundamental areas of detonation science were found to be largely absent from the body of
detonation synthesis research using precursor additives for phase production. This
dissertation explores the detonation synthesis of nano scale silicon carbide as well as the
effects of precursor additives on the detonation parameters to bridge the gap between
high explosive theory and phase production observed in synthesis experiments.
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I. DETONATION SYNTHESIS OF SILICON CARBIDE NANOPARTICLES

Martin Langenderfer, William G. Fahrenholtz, Sergii Chertopalov, Yue Zhou, Vadym N.
Mochalin, Catherine E. Johnson
Department of Mining and Explosives Engineering, Missouri University of Science and
Technology, Rolla, MO 65409

ABSTRACT

Detonation of explosives was used to synthesize silicon carbide nanoparticles.
Polycarbosilane was added to a mixture of 1,3,5-Trinitro-1,3,5-triazinane and 2,4,6trinitrotoluene, which was subsequently detonated in an enclosed chamber backfilled
with inert gas. X-ray diffraction analysis of the detonation soot was consistent with the
presence of crystalline silicon with a diamond cubic structure and cubic silicon carbide,
along with amorphous material. Further analysis by transmission electron microscopy
revealed the presence of crystalline angular particles. High resolution imaging showed
that the particles contained numerous stacking faults along the [111] direction and had an
interplanar spacing of 2.5 Å, both of which are characteristic of beta (cubic) silicon
carbide. This is the first report of the detonation synthesis of silicon carbide by dissolving
a silicon-containing precursor into an explosive composition.
Keywords: Detonation, A. Powders: Chemical Preparation, B. Electron
Microscopy, D. SiC
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1. INTRODUCTION

Detonation synthesis has developed as a method to produce nanomaterials,
particularly metastable phases, due to the high temperatures and pressures achieved for
short times during detonation [1]. The most successful example is commercial detonation
nanodiamonds (DNDs) that are synthesized by detonating mixtures of 1,3,5-Trinitro1,3,5-triazinane (RDX) and 2,4,6-trinitrotoluene (TNT) [2] [3]. A castable mixture of
RDX and TNT, known as Composition B for military ordinance, is commonly used for
nanodiamond synthesis. Formation of nanodiamonds is thought to occur in the reaction
zone, which is the region adjacent to the unreacted explosives where the explosives are
converted to gaseous products [4]. The effective temperatures and pressures in the
reaction zone for Composition B are in the range of 2500 to 3500 Kelvin and 25 to 30
gigapascal, [5] [6] which fall within the diamond stability range on the phase diagram [7]
[8] [9]. The elevated temperatures and pressures, rapid cooling rates, and negative
oxygen balance associated with the detonation process for Composition B are
opportunistic in terms of production of other nanomaterials such as non-oxide ceramic
phases like Silicon Carbide (SiC).
Nano crystalline silicon carbide is an important ceramic material due to its
mechanical properties of high strength and hardness as well as its thermally stable
properties including high oxidation resistance and high melting point [10]. SiC as a
semiconductor, also exhibits interesting electrical properties such as voltage dependent
resistance, and superconductivity when doped with boron or aluminum [11]. These
desirable properties make the material suitable for a variety of applications ranging from
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high-temperature and high-power semiconductors and substrates in integrated circuits, to
reinforcing material in ceramic armors and cutting tools, as well as applications in
thermally conductive refractory materials [10]. Successful detonation synthesis of SiC
nanopowders is desirable due to the rapid production and low capital cost of the process.
The purpose of the present study was to demonstrate production of SiC nanoparticles by
detonation synthesis utilizing mixtures of RDX and TNT containing a dissolved siliconbased precursor, thus exploring the possibility of direct detonation synthesis as a novel
means of SiC nanopowder production.

2. PROCEDURE

A mild steel pressure vessel with a volume of 1.8 m3 was used for detonations.
The charge was formulated by mixing 120 grams (g) of powdered RDX into 120 g of
TNT that had been melted in a water bath in a double boiler at 100°Celcius (C). After
incorporating the RDX, 10 g of polycarbosilane (SMP-10, Starfire Systems, Glenville,
NY) was dissolved into the mixture as a silicon source since the explosives are nominally
Si-free. The charge was cast in a 50 mm diameter cylindrical mold around an 8-wrap Uli
knot [13] of detonating cord containing 8.5 g/m of 1,3,5,7-tetranitro-1,3,5,7-tetrazocane.
The casting was cooled to room temperature then removed from the mold and suspended
in the center of the chamber using the detonating cord (Figure 1). The other end of the
cord extended out of the chamber for external initiation through a port that was then
sealed with putty. Prior to detonation, the walls of the chamber were sprayed with water
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to assist deposition and collection of the detonation products. The chamber was closed
and purged with argon and the charge was initiated.

Figure 1. Schematic showing a notional cross section of the chamber before detonation
with the charge suspended by detonating cord.

After detonation, the chamber was left closed for 10 minutes to allow the soot to
settle. When the chamber was opened, the soot was collected from the walls by rinsing
with water, and solids were allowed to settle overnight. The supernatant was centrifuged
at 4500 revolutions per minute for 45 minutes to sediment any suspended particles. The
solids were dried on a hot plate at ~90°C followed by weak nitric and hydrochloric acid
purification to remove metals, metal oxides, and any impurities that are either soluble in
the acid or that were oxidized by it as described in [14]. The powders were then rinsed by
mixing with deionized water, stirring, then centrifuging until the pH of the rinse water
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was greater than 5. The solids were collected by centrifuging the mixture and then drying
on a hot plate at ~90°C.

3. CHARACTERIZATION

Purified soots were characterized using powder X-ray diffraction (XRD;
Panalytical, X’Pert) analysis with Cu-K radiation. Scans were recorded from 10 to 100
degrees 2 using a step size of 0.026° and an effective count time of 1 second per step.
Powders were also examined using transmission electron microscopy (TEM; Tecnai F20
STEM) using an accelerating voltage of 200 kV and energy dispersive spectroscopy
(EDS; Oxford Instruments). Specimens for TEM were prepared by suspending 0.3 wt%
soot in acetone under ultrasonic vibration for 30 minutes. The suspension was then
deposited onto a carbon-coated 400 mesh copper grid.

4. RESULTS AND DISCUSSION

X-ray diffraction analysis of purified detonation soots revealed the presence of
multiple solid phases (Figure 2). At low angles, a broad hump was centered at about 23°
2, which was indicative of amorphous phases such as disordered carbon and/or glassy
SiO2. Crystalline silicon (PDF card 01-075-0589) was indicated by sharp diffraction
peaks for the planes (111) at 28.4°, (220) at 47.3°, (311) at 56.1°, and (422) at 88.0°.
Additional low-intensity peaks may also be present for (400) at about 69° and (331) at
76°, but these were difficult to distinguish from the background. No peaks of significant
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intensity were missing from the scanned range, so the pattern is consistent with the
presence of Si. Peaks associated with -SiC (PDF card 01-073-1708) were observed for
the planes (111) at about 36°, (220) at 60°, and (311) at about 72°. Low intensity peaks
may exist for (200) at about 41° and (222) at about 75°, but these were difficult to
distinguish from the background. As with Si, peaks for all of the most intense planes for
-SiC were observed providing support for the presence of this phase. Further, the high
intensity of the (111) peak at ~36° compared to the (200) peak at ~41° is characteristic of
-SiC with a high degree of stacking faults [15] [16]. An additional broad peak was
observed at about 44° 2, which corresponds to the (111) plane for nanodiamonds [17].
Based on x-ray diffraction analysis, the detonation soot appears to contain a mixture of
Si, -SiC, nanodiamond, and amorphous material.

Figure 2. XRD pattern for detonation soot showing the presence of SiC, nanodiamond,
and Si.
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Imaging of purified detonation soots in TEM (Figure 3a) revealed the presence of three
types of particles: 1) spheres > 100 nm in diameter; 2) globular regions with feature sizes
of less than 10 nm in diameter; and 3) angular particles that were 50 nm to 100 nm
across. The type 1) spherical particles were abundant in the soot. Analysis by EDS
indicated that they were rich in silicon and oxygen. Hence, the spherical particles are
believed to be amorphous SiO2. The globular type 2) regions were carbon-rich thought to
consist of a combination of amorphous carbon and nanodiamond.

(a)
(b)
Figure 3. TEM images of detonation soot showing (a) a SiC particle surrounded by
carbon and an amorphous SiO2 sphere and (b) angular particles in a carbon-rich region.

The angular particles were abundant in the soot and are thought to be crystalline
-SiC. Figure 3b shows a low magnification image of a cluster of the angular particles
near a carbon-rich region. The angular particles were typically 50-100 nm across with
multiple facets. Higher magnification imaging of an angular particle (Figure 3b) revealed
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the presence of stacking faults. Additional images were taken using the [110] zone axis
and had several features characteristic of -SiC. Figure 4a shows stacking faults in two
different directions with an angle between them of ~70.5°, which is the angle between
equivalent (111) planes in cubic crystal systems. This behavior was attributed to the
presence of three different {111} directions that were not symmetric to the <110>
directions [55]. The image in Figure 4b shows atoms with an inter-planar spacing of ~2.5
Å, which corresponds to the spacing between equivalent (111) planes in -SiC. Finally,
selected area electron diffraction (SAED) patterns (Figure 4) show double spots and
streaking, which are characteristic of structures with stacking faults. The streaks occur
along equivalent {111} directions due to random stacking in the [111] direction [19]. The
spots indicate that some order occurs in the stacking fault pattern, but the streaks indicate
that ordering is not consistent. Taken together, XRD data combined with TEM analysis
confirmed the presence of -SiC particles produced by detonation synthesis.

(a)

(b)

Figure 4. High magnification TEM images of an angular particle showing along the [110]
zone axis showing (a) stacking faults with the characteristic angle of ~70.5° between
them and (b) an interplanar spacing of ~2.52 Å.
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5. CONCLUSIONS

Silicon carbide nanoparticles were synthesized by detonation of a combination of
TNT and RDX containing dissolved polycarbosilane. A combination of amorphous SiO2
spheres, globular carbon-rich areas containing amorphous carbon and nanodiamond, and
angular particles was observed in the detonation soot. Analysis of the angular particles
revealed the presence of stacking faults with an angular relationship of 70.5°, which is the
characteristic angle between equivalent [111] directions in cubic crystals. In addition, the
spacing between (111) planes was ~2.5 Å, which is characteristic of -SiC. The
combination of XRD analysis, TEM, and SAED confirmed that -SiC was produced by
detonation. To the authors’ knowledge, this was the first study to produce SiC
nanoparticles by dissolving a Si-containing precursor into explosives for detonation
synthesis. The results of this study warrant an investigation into yield optimization and
scalability of the detonation method to produce -SiC nanopowders.

6. FUTURE WORKS

The present study was an initial evaluation of detonation synthesis as a possible
means of producing SiC nanoparticles. Continuing research will advance detonation
synthesis as a viable production method for SiC nanopowders. Steps toward this goal
include improving the specificity and evaluating the reproducibility of the process. The
silicon carbide precursor polycarbosilane, coupled with the high temperatures and
pressures of a Composition B detonation were selected to provide the highest probability

27
of SiC formation in detonation. The successful production of SiC in this study
necessitates the evaluation of more stoichiometrically balanced explosive compositions
for the production of SiC. This could mean using a more positively oxygen balanced
explosive such as ammonium nitrate-based emulsions to reduce carbon condensation
from the explosive detonation products. Conversely, another approach being pursued is
using a carbon-deficient precursor such as elemental silicon that could react directly with
carbon produced by the Composition B detonation to form SiC.
Improved characterization methods are also needed. In this initial study
detonation soots were characterized using Raman Spectroscopy; however, fluorescence
generated by amorphous SiO2 under excitation of the available laser wavelength obscured
any identifiable patterns. In future studies Raman Spectroscopy will be conducted using
near infrared wavelength laser excitation to improve the signal-to noise-ratio by reducing
background generated by SiO2 fluorescence.
Following the success of these initial tests evaluating the detonation synthesis of
SiC, a new detonation containment tank was designed and is under development for use
in a climate-controlled environment where initial pressure, temperature, and purge levels
can be more carefully regulated. The new containment tank is fully sealed eliminating the
need for introducing water to aid soot deposition. The new tank also allows for collection
of gaseous detonation products and unsettled condensed phase particles, which will
enable evaluation of reproducibility and yield optimization in future studies.
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II. SHOCK FOCUSING EFFECTS ON SILICA PHASE PRODUCTION DURING
CYCLOTRIMETHYLENE TRINITRAMINE/2,4,6-TRINITROTOLUENE
DETONATIONS
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Catherine Johnson
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Technology, Rolla, MO 65409

ABSTRACT

Detonation is an increasingly studied method for the synthesis of nanomaterials
due to the rapid reaction rate producing extreme pressures and temperatures for short
durations, which can result in the production of ultra-hard and high-temperature
nanomaterials. The present study shows that phase formation in detonation depends on
the distribution of inert additives in the explosive charge. Numerical simulations and
experimental validation were conducted on silica powders that were shock loaded by
detonation of a 3.8 cm diameter cylindrical explosive charge composed of
cyclotrimethylene trinitramine, 2,4,6-trinitrotoluene, and paraffin wax. Silica was
incorporated into the explosive in three configurations and at two different starting
particle sizes in both simulation and experiment. The detonation residues were purified to
concentrate the silica and characterized via x-ray diffraction with Rietveld refinement and
optical microscopy. Loading conditions and silica phase morphology were not consistent
between the configurations and starting size of silica incorporated into the charge. The
implication of these results is that prediction of phase production in detonation synthesis
experiments cannot be based on Chapman-Jouguet steady detonation parameters of the

31
explosive matrix but must also include analysis of shock interaction and heat transfer into
the additives incorporated into the explosive.

1. INTRODUCTION

Direct Detonation Synthesis (DDS) by incorporation of nonexplosive precursor
materials into an explosive matrix is an increasingly common research topic due to its
ability to consistently produce particles <100 nm in diameter [1-10]. DDS is a rapid and
cost-effective process for the synthesis of nanoparticles through either top-down or
bottom-up approaches. DDS eliminates the need for expensive milling processes required
in other top-down nanoparticle production approaches and facilitates rapid molecular
assembly at high pressure-high temperature conditions in bottom-up approaches.
Experiments investigating detonation commonly report a large quantity of amorphous
material with varied compositions or the presence of other contaminants in the residues
collected after detonation, which indicates relatively poor selectivity of the process
compared to more conventional synthesis processes [1, 3, 10-12]. Undesired phases must
be removed physically or chemically from the desired material in the detonation residues
to concentrate the intended product. One solution to this problem is to maximize the
production of desired phases during detonation through better understanding and
optimization of the detonation process and its local interactions with synthesis precursors
added to the charge.
Synthesis through DDS is accomplished by incorporating nonexplosive additives
into an explosive mixture. The loading during detonation induces dissociation or phase
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changes in the additives. In detonation synthesis experiments, additives may be
distributed uniformly in the explosive mixture [4], incorporated internally as a bulk
inclusion [13], or encased around the explosive charge [14]. Explosive detonation
converts chemical potential energy in the explosive to kinetic and thermal energies,
which are used to convert these precursor materials into their other phases [1-10]. Often,
the fundamental mechanisms by which detonation enables these phase transitions are not
known, leading some authors to neglect commenting on the thermodynamic state during
detonation, and only discuss the final products [2, 11]. Several investigators cite the Von
Neumann spike where the reaction is induced by the detonation shock as the location of
peak pressure but do not explicitly state these pressures for the explosive composition
used in their experiments. In many studies, the steady-state detonation pressure of the
explosive matrix, or the Chapman Jouguet (C-J) pressure, is reported as equivalent to the
loading stress to which the precursor materials are subjected [5, 10, 12]. To improve the
selectivity of DDS, the local effects of shock interaction with synthesis additives must be
accounted for in addition to assessing the bulk C-J state of the detonation. This study
poses the hypothesis that loading conditions pertinent to phase formation in detonation
synthesis depend on how shock pressure and heat are transferred into the precursor
materials during detonation or, conversely, reflected into the product flow. Accounting
for this energy transfer will allow a more reliable prediction of phase formation in
detonation synthesis experiments.
The ability to predict phases formed in detonation synthesis experiments is
paramount to the development of detonation as an economically viable means for
material synthesis. Predicting phase production prior to testing will save costs in the
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experimental setup as well as post-test material processing. For most detonation synthesis
experiments, these predictions involve multiple energy transfer mechanisms caused by
detonation, including chemical reactions, compression, and advection. These mechanisms
influence the magnitude and duration of temperatures and pressures a precursor material
is exposed to during detonation, and ultimately the material phase produced. The goal of
this study is to show that C-J detonation conditions observed within the explosive
mixture are not representative of the loading conditions experienced by the precursor
materials. Herein, an alternative method for evaluating the transfer of energy in
detonation synthesis experiments via simulation is described. This was accomplished
through simulation and experiments by detonation shock loading quartz as a proxy for a
precursor material that was incorporated into an explosive mixture of cyclotrimethylene
trinitramine (RDX) and 2,4,6 Trinitrotoluene (TNT) in three different shock loading
configurations and using two different silica samples. The configurations that were tested
include 1) silica as a thin shell wrapped around the outside of the charge, 2) silica as a 1.3
cm diameter cylinder placed coaxially and concentric with the explosive charge, and 3)
silica particles mixed throughout the explosive charge matrix. Silica was incorporated as
whole-grain sand with a particle size of ~480 µm and purified crushed quartz with a
particle size of ~44 µm. The relative amounts of crystalline and amorphous content of
products were compared to the crystallinity of the starting silica loaded into the
explosive.
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2. DETONATION THEORY

One dimensional (1D) shock wave theory predicts that shock pressure will change
at the interface between two materials depending on the impedance difference between
the materials as described by the Hugoniot relationship [15, 16]. The Hugoniot is an
empirically determined relationship between two state variables that represents all the
possible shock loading conditions [15-17]. Shock impedance, defined as the product of
initial density and shock velocity, factors into the pressure versus velocity Hugoniot as
described in equation 1 [15]. Figure 1 shows the 1D pressure versus velocity shock
interaction between detonating Composition B, a 59.5/39.5/1 mass ratio mixture of
RDX/TNT/wax, with stationary crystalline quartz, plotted, using equation 1. The
Chapman-Jouguet steady-state detonation pressure of Composition B is 28.5 GPa [15].
However, due to the lower impedance of quartz, the pressure generated at the
explosive/quartz interface is only 25.4 GPa, with residual energy reflected back into the
detonation product flow [15].
P = ρ0C0u + ρ0su2

(1)

where P is pressure, ρ0 is the initial density of the material, C0 is the speed of sound
through the material, u is the particle velocity of the material, and s is an experimentally
determined dimensionless material constant.
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Figure 1. Interaction between the Hugoniot of the detonation products (blue line) with the
silica Hugoniot (orange line) in the pressure versus particle velocity plane.

In 2D or 3D, when a fast-moving shock wave in an explosive reaches a lower
impedance inclusion such as a quartz particle, the shock in the inclusion slows and is
overtaken by the fast-moving shock in the explosive [15]. The result is the production of
a convergent shock wave within the inclusion where pressure spikes as the shock
approaches its convergence point [19], which is also referred to as shock focusing [1820]. Conversely, if the material is positioned adjacent to the outside of the explosive
matrix, the detonation induced shock will diverge as the shock wave is transmitted into
the surrounding material [19]. Pressure decay in these divergent shock waves has an
exponential relationship versus distance and time from the explosive detonation [16]. The
shock focusing effect may, in part, explain why DDS experiments commonly result in the
production of large quantities of amorphous material [1, 3, 10-12].
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Shock compression of silica has been studied and related to thermochemical
phase equilibrium through computational and experimental analyses [21-24]. Silica was
chosen for analysis in the present study due to the proximity of silica's solid/liquid phase
boundary relative to the C-J steady-state detonation pressure of the detonating explosive
mixture, which is approximately 28.5 GPa [15, 17, 21]. Silica is also attractive because it
forms several polymorphs, some of which are only stable in extreme conditions. Some
examples include the high pressure and temperature silica phase coesite, as well as the
rarer polymorphs of stishovite and seifertite, which are only observed in nature at the site
of meteor impacts due to their high formation energy [23]. When shocked above its
solid/liquid phase boundary, silica tends to form amorphous phases such as lechatelierite
(silica glass), and perlite or opal in the presence of water [24]. An adapted overlay of the
pressure vs. temperature shock Hugoniot for silica on its pressure-temperature phase
diagram relative to detonation loading conditions is shown in Figure 2 [21]. Experimental
studies revealed that phase formation was dictated by the shock release path of the
material along frozen release isentropes from its Hugoniot [15, 16, 21]. When shocked to
pressures between 7.7 and 30 GPa, silica should equilibrate as stishovite and, as it
unloads, revert back to crystalline coesite and quartz [13]. When shocked between 30 and
80 GPa, silica crosses its solidus as it unloads, producing a mixture of crystalline and
amorphous phases. Shock loads beyond 80 GPa cause silica to equilibrate as a liquid,
ultimately forming a glassy solid as it cools [21].
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Figure 2. Schematic of an experimentally determined pressure versus temperature
Hugoniot for silica overlaid on the silica phase diagram showing phase transitions along
release cooling paths from the shock Hugoniot through either crystalline phases of
Stishovite (S), Coesite (C), and Quartz (Q), or into an amorphous region when shocked
above the liquidus [Adapted with permission from J. Geophysical Research. 108, B9
(2003). Copyright 2003 Wiley and Sons. [21]].

In addition to shock compression as a mechanism for energy transfer, transient
heat conduction from the detonation products into the additive material must also be
considered. The steady-state detonation temperature of a composition B detonation is
around 3,350 Kelvin [15]. The gaseous detonation products decay in temperature over a
significantly greater time scale subsequent to their release from shock compression. For
the composition B charges used in these tests, fireball durations last up to around 100 ms.
Contrary to heat transferred into an additive by shock compression, the heating of an
additive by transient conduction depends on the diffusivity of the additive. Quartz
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particles have been shown mathematically to exhibit an exponential relationship between
their time to melting as a function of diameter when exposed to a 3300 Kelvin plasma
[25]. In this study, 50 µm particles subjected to the plasma exhibited melt times of 6.5
ms, while 500 µm particles exhibited melt times of 650 ms [25]. This range of melt rate
encompasses the duration that the temperature of the fireball from an RDX/TNT
detonation will exceed the melting point of quartz. Generally, the production of
metastable phases through detonation is accomplished through a simultaneous
combination of elevated temperature and pressure, so minimizing heat transfer through
conduction subsequent to shock loading is generally preferential [9].

3. METHODOLOGY

3.1. SIMULATION
Effects of convergent shock focusing and divergent shock decay on the phase
formation were evaluated by explosively shock loading silica samples via Composition B
detonation using hydrodynamic continuum-scale simulation and experimental testing.
Quartz sand was incorporated into a 150-gram, 3.8 cm diameter simulated explosive
model in three different configurations, shown in Figure 3, to evaluate shock interaction
in each configuration. An overview of the simulation parameters and material models is
provided in section 1 of the supplemental materials. These simulations account for only
the compressive heating of the material through detonation and do not account for
subsequent heating of the additives through conductive heat transfer.
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Figure 3. Section view of quartz sand loaded explosive charges initiated from the bottom
using 2D axially symmetric simulations that also represent cross-sections of the explosive
configurations used in experimental detonation residue collection tests. Models include
(from left to right) a control charge with no added sand, a 7.5-gram external sand shell
wrapped around the charge, 7.5 grams of sand mixed throughout the charge, and as a 7.5gram bulk cylinder of sand at the center of the explosive charge.

3.2. EXPERIMENTAL
Experimental testing with ex-situ analysis of the condensed phases produced by
detonation was used to support the hypothesis of shock convergence affecting silica
phase formation suggested by the simulated detonation models. The experimental tests
were set up to represent the configurations used in the simulated analysis. Test charges
were formulated by incorporating two different sizes of silica particles, ~500 μm wholegrain sand, and ~44 μm crushed quartz, into a melt cast charge with the composition of
49.5 wt% RDX, 49.5 wt% TNT, and 1 wt% paraffin wax. A reduced ratio of RDX to
TNT was used in the experimental model compared to the simulation to facilitate charge
casting but still maintain similar detonation performance in the bulk explosive. Test
detonations were conducted in a sealed test chamber that has been used in previous
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detonation synthesis studies and is shown in Figure 4 so that post-detonation residues
could be collected for analysis [26]. The chamber was designed to provide an inert
atmosphere purged with argon and to contain the detonation as well as facilitate the
collection of the condensed detonation products [10, 27, 28]. All charges were initiated at
the center of the ellipsoidal tank with their cylindrical axis orthogonal to the major axis of
the chamber to reduce simultaneity of shock interaction with the tank walls and minimize
potential reshock of the products caused by blast wave reflection. A more in-depth
description of the testing process is included in section 2 of the supplementary materials.
Detonation products were characterized after purification using x-ray diffraction (XRD)
and optical microscopy. Results were compared to the detonation of a 150 gram control
explosive charge containing no added silica as well as the starting crystallinity of the
unprocessed starting additives.

Figure 4. 150 gram RDX/TNT Mixed charge loaded with crushed quartz suspended
centrally in detonation tank prior to testing (a), and closed vessel prior to testing (b).
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3.3. LOADING CONFIGURATION
3.3.1. Control Charge with no Added Silica (Control). A charge denoted
"Control" was modeled with no silica added to assess the detonation shock propagation
through a 150-gram cylindrical charge that was 3.8 cm in diameter and 8.0 cm long. The
control charge was Composition B without any added inert material. Simulated gauges
were placed at 1 mm intervals longitudinally along the cylindrical axis of the charge and
along the external surface of the charge to record pressure as a function of time. The
charge composition, dimensions, and simulated gauge positions were the same for the
silica-loaded charge configurations. Experimentally, two 150 gram control charges were
prepared and cast into a 3.8 cm diameter cylindrical mold.
3.3.2. Sand Shell Wrapped Around Outside of Cylindrical Charge (Shell).
The "Shell" configuration was selected to evaluate the effect of divergent detonation
shock propagating into a thin shell of sand around the outside edge of the explosive
charge. In the simulated model, 7.5 grams of sand were wrapped around the outside of
the cylindrical explosive charge forming a sand shell that was 635 μm thick. Pressures
predicted by simulation in the sand were quantified by placing simulated gauges placed
every 1 mm longitudinally inside the sand shell. In the experimental tests, a shell of each
of the silica powders was added to the charges using polyurethane tape coated with silica
that was wrapped around the charge prior to testing.
3.3.3. Random Distribution of Sand Particles Throughout the Explosive
Matrix (Mixed). The "Mixed" configuration was selected to evaluate how particle
loading and shock propagation are affected by randomly distributing small particles
throughout an explosive matrix. The simulated and experimental charges consisted of 150
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grams of Composition B with 7.5 grams of particulate silica inclusions distributed
randomly throughout the explosive. Spherical silica particles with a diameter of 1 mm
were used in the simulation to show shock interaction effects within and behind the
detonation front from a random distribution of particles within the charge. The 1 mm
particles in the simulation were larger than the silica particles used in the experiments but
were selected as the smallest particle size to model at a reasonable computational
expense. Particle centers in the model were determined using a random number generator
with a domain equivalent to the geometry of the cylindrical charge. Pressure in this
model was measured every 1 mm along the cylindrical axis of the charge, as well as at
the center of four of the randomly selected particles. Shock effects during detonation
were also simulated for an individual silica particle suspended in the explosive matrix at a
higher resolution to observe the effects of shock convergence within a single silica
particle that was the same size as tested experimentally. The random distribution of silica
in the experimental charge was accomplished by stirring silica powders into the molten
explosive for 5 minutes prior to casting.
3.3.4. Bulk Cylindrical Sand Inclusion at the Center of the Cylindrical
Charge (Cylinder). The Cylinder configuration was selected to evaluate the effect of
shock focusing on a large bulk inclusion within the explosive matrix. In this model, a 1.3
cm diameter x 3.2 cm long cylindrical inclusion composed of 7.5 g of silica was
positioned at the center of the cylindrical charge. Simulated tracer gauges were placed at
1 mm increments along the cylindrical axis of the charge and inclusion to measure
pressure changes during detonation.
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For the experimental study, a 1.3 cm diameter Teflon rod was inserted into the
lower portion of a molten RDX/TNT charge during casting to produce a 3.2 cm tall
cylindrical cavity that would be concentric and coaxial with the surrounding explosive.
The cavity was subsequently filled with silica powder, which was hand tamped using the
same Teflon rod used to produce the cavity. The compacted silica was then sealed into
the charge with a final capping pour of the explosive to complete the charge.

3.4. CHARGE FORMULATION
For all configurations, charges were produced using flake TNT and Class 5 RDX
powders, which were purchased from Accurate Energetic Systems. Two different silica
samples were used. The larger particle size was whole-grain Ottawa 480 sand from
Fairmont Santrol with an average particle size of 480 μm, and the smaller was 99.9%
pure crushed quartz sand from Chemsavers with all particles < 44 μm in diameter. The
crystalline density of quartz of 2.65 g/cm3 was assumed for both powders, and a bulk
density of the compacted powders was estimated to be 1.8 g/cm3 using mass and
geometric measurements. All charges were cast in a 3.8 cm diameter plastic mold using
three pours. A ~2.7 cm base pour, a ~2.7 cm body pour, and finally a ~2.7 cm capping
pour. The three pours were used to increase the cooling rate and reduce void formation
inside the casting that resulted from the 11% volumetric shrinkage of TNT during
solidification and to facilitate cavity formation for the Cylinder configuration [56]. The
bulk densities for the cast charges were measured by Archimedes' principle prior to
testing with charge densities shown in Table 1. Cast densities were within the target
density range of 1.65-1.7 g/cm3, based on previous studies using cast RDX/TNT
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compositions, and the crystalline densities of RDX and TNT of 1.82 g/cm3, and 1.65
g/cm3, respectively [13]. All experimental charges were end initiated by a Teledyne RISI
RP-503 EBW detonator representative of the initiator used in the simulated charges.

Table 1. Explosive charge densities prior to testing.
Density
Volume
Silica

Bulk
Mass (g)

Configuration

(ml)

Sample

Error
Density

± 0.05 g

Propagation
(g/cm3)

± 2.5 ml

(± g/cm3)
Control 1

90.0

148.60

1.65

0.04

Whole

Shell

90.0

147.75

1.64

0.04

Sand

Mixed

95.0

157.35

1.66

0.04

Cylinder

95.0

157.45

1.66

0.04

Control 2

90.0

150.30

1.67

0.05

Crushed Shell

90.0

150.20

1.67

0.05

Quartz

Mixed

95.0

157.20

1.65

0.04

Cylinder

95.0

157.80

1.66

0.04

3.5. CHARACTERIZATION
The crystallinity of the starting silica powders was assessed using x-ray
diffraction (XRD) analysis. Rietveld refinement was performed using RIQAS 4.0. In
addition, 30 wt% of an internal standard was added to purified detonation residues to
enable the quantification of amorphous content [2]. The standard was 99.9% pure
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crystalline anatase from Loudwolf Industrial & Scientific that had a reported particle size
of 44 µm. Detonation soots were purified using a 2-gram sample of dry residue from each
test. The first step was to oxidize the residue in air at 600°C for 24 hours to remove
carbon. The residues were then boiled in an aqueous solution containing 1-to-1 volume
ratio of 20 wt% nitric acid and 20 wt% hydrochloric acid. The mixture was boiled at
110°C for 8 hours to remove any residual metallic contaminants. The purified silica
products from the experimental tests were characterized by the same XRD analysis
methodology as described for the starting powders. The error associated with this
quantitative analysis method was estimated to be ±12 wt% [30].

4. RESULTS

The ignition and growth reactive burn model predicted the pressure response of
the charges. Figure 5a shows a pressure fringe plot of the control charge at 5 μs after
initiation. Figure 5b shows pressure as a function of time from gauges at the center of the
charge length-wise that were either at the center radially or 1 mm from the outside of the
charge. The simulations predicted a sharp pressure pulse with a duration of ~50 ns along
the cylindrical axis with a peak pressure of ~47 GPa in the Von-Neuman spike as the
explosive reaction initiated [15]. Pressure then dropped to the C-J steady-state detonation
pressure around 28.5 GPa as the reaction was completed [15, 17]. Following the C-J
state, pressure decayed exponentially back to ambient conditions over a positive pressure
phase with a duration of around 4 µs, depending on the location within the charge. Near
the outer edge of the charge, gauges 1 mm inside the charge exhibited initiation pressure
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spikes equivalent to those observed at the center of the charge, but the duration of the
positive phase impulse was only about 2 µs. The reduced impulse over the positive phase
at the center of the charge was caused by reduced confinement from the expanding
product gasses near the edge of the charge [15]. This control charge simulation showed
that even before adding inert particles, the loading conditions in the explosive varied
depending on the location inside the detonating explosive charge.

Figure 5. Fringe plot of control charge at 5 µs with pressure from zero GPa in blue to
over 30 GPa in red (a) and comparison of pressure load duration along the charges
cylindrical axis versus near the edge of charge due to free surface expansion (b).

Simulations for each loading configurations evaluated the shock pressures
transmitted by the detonation into the silica particles as a function of time. A crosssectional fringe plot of each charge 6 µs after initiation is shown in Figure 6. The
simulations predicted similar pressure profiles within the explosive matrix for the control
and shell charges, with the most noticeable difference being the reduced product
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expansion angle that resulted from the confining silica Shell. The Mixed charge showed
significant reflections from the embedded particles, which produced a less uniform
pressure profile within the expanding products. The Cylinder configuration slowed the
shock transferred into the silica, which resulted in a concave shock profile in the
inclusion, ultimately resulting in significantly higher pressures than the C-J steady-state
detonation pressure with the greatest predicted pressure over 100 GPa localized to a
shock convergence region near the trailing edge of both the mixed particles and the
cylinder silica inclusion. The simulations indicate that the state of the incorporated silica
varies dramatically depending on loading configuration, within the charge, and the degree
of shock convergence within the inclusion.

Figure 6. Cross-sectional fringe plots of simulated detonation pressure propagating
through the control, Shell, Mixed, and Cylinder test configurations 6 μs after initiating
the charges.
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4.1. SHELL CONFIGURATION
The detonation pressures in the Shell simulation, shown in Figure 6, were similar
to those in the control simulation in terms of the pressure profile in the explosive matrix.
Gauges in the shell outside of the charge showed a peak pressure of only 25 GPa and the
lowest observed impulse of 5.6 GPa*µs for any of the simulations. The positive pressure
phase observed in the shocked silica shell returns to pressures <2 GPa, in less than 1 µs
due to the lack of confinement from the detonation products. Peak pressures observed in
this simulation indicated that the conditions produced by the divergent shock loaded shell
were in the stishovite phase field at the peak shock pressure. As pressure releases, the
conditions passed through the crystalline phases of coesite and quartz. Release through
crystalline phases, as observed in this case, could be advantageous in the production of
metastable phases such as stishovite because this path eliminates the opportunity for
melting and the subsequent formation of amorphous silica [21]. However, the shorter
durations of loading at conditions within the stishovite phase-field likely prevented
stishovite formation in experimental detonations due to the limited time that the silica
experienced the conditions for stishovite stability in this configuration [21].

4.2. MIXED CONFIGURATION
The simulation of the Mixed configuration showed that shock focusing also
occurred in the silica particles. Qualitatively, the overall pressure pulse shape shown in
Figure 6 is similar to that observed in the control model, but with localized high-pressure
regions caused by shock reflections from the silica inclusions. Pressure profiles recorded
from four gauges placed at the center of randomly selected particles at varying radii from
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the cylindrical axis of the charge showed that peak pressure, positive phase duration, and
impulse all had an inverse correlation to increasing radial distance from the cylindrical
axis of the charge. This correlation is due to the reduction in confinement near the edges
of the cylindrical charge but is likely enhanced by the toroidal nature of shock
propagation and reflections characteristic in axially symmetric simulations.
Overall shock propagation velocity through the explosive charge was examined
using the time of arrival at each of the gauges placed at 1 mm increments along the
cylindrical axis. A plot of shock velocity as a function of distance along the cylindrical
axis of the Mixed charge is shown in Figure 7. These results agreed with the qualitative
assessment that interaction with the particles initially slows the shock propagation as the
wave overtakes the inclusion, which resulted in shock convergence in the particles and
increased the speed of the wave. Shock convergences generated behind the inclusions
caused the wave to accelerate beyond the steady-state detonation shock velocity of 8.15
mm/µs as the wave returned to a steady state. The average shock velocity through the
charge was slowed by 0.16 mm/µs when compared to the charge with no particles.

Figure 7. Comparison of shock velocity as a function of distance along the cylindrical
axis of charge between the control charge shown in orange and Mixed charge is shown in
blue.
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Peak pressures shown in the particles were only marginally higher than the C-J
pressures of the surrounding explosive, with values ranging from 30-40 GPa. The
simulation indicated that while the particles did promote shock focusing, the majority of
the focusing effect occurred in the explosive matrix behind the particles as the detonation
wave passed. The convergence effect observed in the continuum scale model with
randomly distributed particles may be underestimated due to the maximum of 10 cells
that were defined across each particle, which limited the spatial resolution of the shock
loading calculations in the model. A mesoscale model of detonation shock interaction
with a single 700 μm diameter spherical quartz particle was simulated to represent the
largest particles used in the experiments. These mesoscale models used 200 Euler cells
across the silica particle diameter, ensuring sufficient spatial resolution to evaluate shock
convergence and focusing. The shock interaction models with individual silica particles
showed shock focusing within the individual particles to pressures of more than 100 GPa,
(Figure 8a), resulting in jetting of the quartz particle shown in Figure 8b.

Figure 8. Mesoscale model of detonation shock interaction with a single 700 μm diameter
silica particle embedded in the explosive matrix showing shock convergence to pressures
greater than 100 GPa in red at 170 ns (a), and jetting of the sand particle resulting from
shock convergence at 510 ns (b).
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The mesoscale model for an individual particle indicated that the shock wave
slowed initially, and pressure dropped in the inclusion as expected from the 1D RankineHugoniot calculations. At later times, the shock wave converged to pressures and
velocities greater than the detonation pressure and velocity at the trailing edge of the
particle. At lower pressures, the slower shock theoretically should produce crystalline
silica at the leading edge of the inclusion but produce liquid silica forming a jet at the
trailing edge of the inclusion where shock waves converge [21]. In the detonation
products, this liquid jet should manifest as amorphous silica once cooled and solidified.

4.3. CYLINDER CONFIGURATION
Simulation of the large cylindrical inclusion showed similar shock convergence to
that observed in the individual particles, with convergence occurring over a greater
distance and timescale. Figure 9a shows the initial slowing of shock velocity through the
inclusion, followed by an increase beyond the velocity of detonation shock in the
explosive as shock converges. Figure 9b shows pressure profiles from gauges at the
leading edge, halfway through, and at the trailing edge of the cylindrical inclusion, which
emphasizes the increase in pressure resulting from the converging shock within the
inclusion.
A summary of peak pressures and impulses observed in the simulations is shown
in Table 2 and the predicted post-detonation silica phase based on the shock release
isentropes for the observed pressures [21]. The calculated impulse on the individual
particles is not included for the single-particle simulation as the charge geometry, and
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consequently, the pressure release path was not consistent with the entire charge
simulations.

Figure 9. Simulated shock velocities (a) and pressure profiles (b) observed along the
cylindrical axis of bulk silica inclusion.

The individual particle simulation assessed only peak pressure from shock
convergence on the individual particle from the initial impact of the detonation wave.
These models show that the Shell configuration produced a divergent shock with
significantly lower pressure and impulse, which should result in the formation of
crystalline quartz. In silica mixed within the charge or in the Cylinder configuration,
convergent shock produced a range of observed pressures and impulses that should result
in the production of either crystalline or amorphous silica, depending on the position of
the silica in the charge as well as its position relative to the point of shock convergence.
Impulse and pressure values in Table 2 are sensitive to charge size and RDX/TNT ratios,
with impulses increasing with charge size and pressures increasing with the explosive
mass density and RDX/TNT ratio. The conditions presented from the simulation show
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the relative difference between pressures and impulses resulting from the configurational
changes to the additives within the explosive composition using a simulation developed
to be as representative of the experimental conditions as possible. The differences
observed in pressure and impulse resulting from loading configuration will translate
across changes in explosive mass and adjustments to the explosive composition.

Table 2. Summary of pressure, impulse, and predicted phase production from selected
measurement locations within simulated test configurations.
Test

Pressure

Impulse

(GPa)

(GPa*μs)

Gauge Location
Configuration

Expected Phase

Center

45.2

46.0

Amorphous

Edge

45.4

10.5

Amorphous

Center of Shell

25.1

5.6

Quartz

Center

45.9

43.0

Amorphous

Edge

46.0

10.4

Amorphous

Particle 1 (r= 0.77 cm)

35.8

36.5

Amorphous

Particle 2 (r= 1.51 cm)

36.5

22.0

Amorphous

Particle 3 (r= 1.85 cm)

29.6

6.0

Quartz

Particle 4 (r= 0.41 cm)

38.5

43.5

Amorphous

Leading Edge Sand Particle

19.7

N/A

Quartz

Middle of Particle

49.2

N/A

Amorphous

Trailing Edge of Particle

156.4

N/A

Amorphous

Leading Edge of Inclusion

24.2

35.7

Quartz

Middle of Inclusion

58.4

40.6

Amorphous

Trailing Edge of Inclusion

291.8

65.0

Liquid

Control

Shell

Mixed

Single Quartz
Particle (700 μm)

Cylinder
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5. DETONATION PRODUCT CHARACTERIZATION

After purification of detonation residues from the control charges no detectable
solid products remained, indicating the residues were relatively free of external silica
contamination. Silica recovery was consistent between each loading configuration
between 30% and 35% of the added mass. Silica losses are attributed to the venting of the
test vessel subsequent to detonation but were uniform between the tests. The results of
the XRD with Rietveld refinement to assess the crystallinity of the purified residues from
the test charges is illustrated in Figure 10a. For the Cylinder configuration, overall
crystalline content was calculated by the mass fraction of crystalline content in the large
agglomerates and finer silica particles collected from the detonation residue. XRD
spectral comparisons for the whole grain sand as well as crushed quartz are shown in
Figure 10b and 10c with Rwp values for each pattern indicating quality of fit for the
Rietveld Refinement. Changes in intensity of the main 011/101 peak for quartz at 26.6ͦ 2θ
in comparison to the reference anatase main peak at 25.3ᵒ 2θ indicates the degree of
change in crystallinity observed in each sample. The C-J detonation conditions predicted
peak pressures of 28.5 GPa, which should produce crystalline quartz for all cases. In
contrast, when the peak pressure of around 45 GPa predicted by the Von-Neumann spike
was used, with peak pressures around 45 GPa, amorphous silica is predicted based on the
shock release isentropes.
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Figure 10. Crystalline vs. amorphous content of silica collected ex-situ from the
detonation tests (a) with XRD comparison and Rwp values from Rietveld Refinement for
the whole grain sand loaded charges (b) and crushed quartz loaded charges (c).
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The comparison between amorphous and crystalline silica within the detonation
residues reveals two clear trends. First is the consistent reduction in crystalline content as
a function of loading configuration that is consistent between both starting materials.
Second is the consistent trend toward increased amorphous products from the smaller 44
µm crushed quartz across all loading configurations. Crystalline content for the finer
particle size was reduced by 68-98.7%, while the crystallinity of the larger particle size
decreased by 4-54.8%. The former trend is suspected to result from shock convergence
or divergence within the material resulting from the different configurations, while the
latter trend is believed to result from transient heat conduction into the material
subsequent to detonation, which would be consistent across configurations [25].
The Shell configuration produced the least amorphous content in each test series.
The reduction in crystalline content in the Shell configuration of the larger particle size
by 4% falls within the margin of error of Rietveld refinement, indicating that detonation
may not have changed the crystallinity of the larger particle size in the Shell
configuration. This result is consistent with the simulation result that showed that shock
diverged and decayed through the shell at pressures at or below 25.4 GPa and
temperatures less than 1500 K despite the close contact of the silica and the explosive
matrix. Due to the position of the silica particles near the outside edge of the charge, the
silica in the shell configuration experienced more rapid unloading from pressure
produced by the detonation than silica placed closer to the center of the charge. The 68%
reduction in the crystallinity from the smaller particle size in the Shell configuration was
not indicated by the Hugoniot calculation and shock simulation, which indicated a
pressure reduction through crystalline phases from this test. Conversion of crystalline to
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amorphous material in this test suggests that the silica was heated after the initial shock
loading through the diffusion of heat from the expanding detonation products into the
silica shell [15, 25].
The Mixed configuration produced the greatest amorphous content in each test
series. This was consistent with the individual grain simulations indicating that
detonation shock converged in the individual silica particles resulting in a primarily
amorphous product due to shock pressures over 100 GPa and the subsequent release path
[21]. The finer particle size silica mixed throughout the charge produced the highest
amorphous silica of any test at 98.8 wt%, which was an almost complete conversion of
the starting silica that was nearly fully crystalline. The high degree of conversion could
be due to the reduced heat transfer distance for compressive heat generated by the shock
convergence region in the smaller particles, allowing the heat to affect a larger percentage
of the particles' overall mass before cooling. Additionally, the increased surface area of
the smaller particles would facilitate diffusive heat transfer from the gaseous detonation
products into the particles.
While the peak pressure at the trailing end of the bulk cylindrical inclusion is
greater than those observed in the single-particle simulations, the Cylinder configuration
also exhibited a very large region with pressures lower than the liquid state. The Cylinder
would likely contain the most enriched products owing to the larger region of shock
convergence; however, the greater distance over which the shock travels in order to
converge also left a large amount of material shocked below the liquid state. For this
reason, the cylinder configuration, while containing the strongest shocked material, also
would contain the greatest range of crystalline to amorphous content. This assertion is
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reflected in the product characterization, which indicated the production of an
intermediate average amorphous content between the shell and the mixed configurations
for both starting powders in the Cylinder configuration.

6. CONCLUSIONS

Silica samples were incorporated into a cylindrical high explosive charge
comprised of RDX, TNT, and paraffin wax in three configurations: 1) as a Shell around
the charge, 2) Mixed uniformly throughout the charge, and 3) as a bulk Cylinder in the
center of the charge in both simulation and experiment. The simulated and experimental
results showed that that pressure, temperature, and load duration were affected by the
configuration in which silica particles were incorporated into an explosive charge. Shock
convergence and divergence affect the conditions produced, especially when
incorporating particles with a lower shock impedance than the surrounding explosive
mixture. The simulation showed that shock focusing within silica inclusions incorporated
internally to the explosive charge in either the Mixed or Cylinder configurations induced
pressures in excess of 70 GPa, falling above silica's liquidus along its shock Hugoniot,
and resulting in the production of amorphous silica. The resulting pressures, almost triple
the C-J pressure of the surrounding explosive matrix of ~28.5 GPa, showed that loading
conditions in detonation synthesis precursors are not equivalent to the C-J conditions of
the explosive matrix as implied in several detonation synthesis studies. The effects of
shock convergence in the trailing edge of bulk inclusions relative to detonation shock
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passage resulted in the formation of large, fused silica agglomerates with a glassy and
vesicular internal structure.
Characterization of purified detonation residues from the experimental tests
through x-ray diffraction with Rietveld Refinement confirmed simulation results of shock
convergence and divergence by showing the production of more amorphous silica from
crystalline samples incorporated in the Mixed and Cylinder configurations than the Shell
configuration. The quantitative analysis also revealed that the starting size of the silica
additive affected the phase produced in detonation with the 44%-64% more of the smaller
<44 μm crushed quartz converted amorphous silica than the larger whole-grain sand with
an average stating size of ~480 μm in all loading configurations. The inverse correlation
of amorphous material production with starting particle size is suspected to result from
the reduced heat transport distance in the smaller particles allowing the heat to affect
more of the included silica mass.
The implication of these results is that when designing experiments for detonation
synthesis, researchers must consider the three-dimensional aspects of shock propagation
into synthesis precursor materials incorporated into an explosive charge. Additive size
and loading configuration were identified as two additional factors that influence phase
production during detonation that must be accounted for to predict which phases might be
formed. Further development of models investigating the propagation of shock waves
from a detonating explosive composition into incorporated synthesis additives will enable
better prediction of phase production to guide detonation synthesis research.
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III. DETONATION SYNTHESIS OF NANOSCALE SILICON CARBIDE FROM
ELEMENTAL SILICON

Martin J. Langenderfer, Yue Zhou, Jeremy Watts, William G. Fahrenholtz, Catherine E.
Johnson
Deparment of Mining Engineering, Missouri University of Science and Technology,
Rolla, MO 65409

ABSTRACT

Direct reaction of precursors with the products of detonation remains an
underexplored area in the ever-growing body of detonation synthesis literature. This
study demonstrated the synthesis of silicon carbide during detonation by reaction of
elemental silicon with carbon products formed from detonation of RDX/TNT mixtures.
Continuum scale simulation of the detonation showed that energy transfer by the
detonation wave was completed within 2-9 μs depending on location of measurement
within the detonating explosive charge. The simulated environment in the detonation
product flow beyond the Chapman-Jouguet condition where pressure approaches 27 GPa
and temperatures reach 3300 K was thermodynamically suitable for cubic silicon carbide
formation. Carbon and added elemental silicon in the detonation products remained
chemically reactive up to 500 ns after the detonation wave passage, which indicated that
the carbon-containing products of detonation could participate in silicon carbide synthesis
provided sufficient carbon-silicon interaction. Controlled detonation of an RDX/TNT
charge loaded with 3.2 wt% elemental silicon conducted in argon environment lead to
formation of ~3.1 wt% β-SiC in the condensed detonation products. Other condensed
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detonation products included primarily amorphous silica and carbon in addition to
residual silicon. These results show that the energized detonation products of
conventional high explosives can be used as precursors in detonation synthesis of ceramic
nanomaterials.
Keywords: Detonation, A. Powders: Chemical Preparation, B. Electron
Microscopy, D. SiC

1. INTRODUCTION

Detonation synthesis has evolved as a process for the industrial production of
nanodiamonds that are <100 nm in diameter [1]. Detonation synthesis uses the
combination of high pressure (>10 GPa) and temperature (>2000 K) of explosive
detonation along with rapid quenching rates (16 billion K/s) to enable the production of
metastable carbon structures such as nanodiamond. Recent research has investigated the
addition of precursor materials to an explosive matrix to influence the detonation process
and produce nanoscale phases not typically present in detonation products such as silicon
carbide, boron nitride, and titanium carbide [2, 3, 4]. Silicon carbide nanoparticles that
can be produced through detonation are used in a variety of aerospace, electrical and
medical applications due to their intrinsic properties of hardness, low density, and
semiconduction [5, 6, 7, 8]. The use of explosive detonation to produce industrial
nanomaterials like silicon carbide is desirable due to rapid production of the condensed
metastable nanoscale phases offering potential advantages over traditional manufacturing
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and size reduction processes used to produce hard materials from their common
thermodynamically stable phases [9, 10].
Previous research demonstrated the synthesis of silicon carbide using detonation
by adding polycarbosilane to a cast mixture of 1,3,5-Trinitroperhydro-1,3,5-triazine
(RDX) and 2,4,6-Trinitrotoluene (TNT) [2]. Polycarbosilane is a precursor material that
is pyrolyzed above 1000°C in an oxygen-deficient environment into silicon carbide (SiC)
[11]. In addition to SiC, detonation with a polycarbosilane precursor forms significant
amounts of nanodiamond within the detonation products. This study is the first to
evaluate the use of carbon produced by detonation itself as a precursor for the formation
of SiC.
Many commonly used explosives such as TNT form free carbon during
detonation due to their negative oxygen balance, or excess ratio of carbon to oxygen in
the explosive [12, 13]. In 1961 Urizar discovered that the detonation velocity, and
ultimately detonation pressure increased linearly with increasing density of pressed TNT
until it exhibited an inflection point at around 1.55 g/cm3 where the detonation velocity
inexplicably accelerated away from the linear trend [14]. This acceleration was suspected
to result from a carbon phase change occurring at that density as the increase in
detonation pressure caused carbon to transition into the diamond or liquid forming
regions of carbon phase diagram [15]. The extremely dynamic nature of detonation
associated with the rapid release of energy from the detonation wave has rendered an indepth understanding of the nature of carbon condensation within the detonation products
elusive.
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An on-going question is whether detonation carbon begins to coagulate and
crystallize in the reaction zone before the Chapman-Jouguet condition [16], or subsequent
to reaction completion, during the Taylor wave expansion, with only free carbon
collisions occurring in the reaction zone, and coagulation occurring as the carbon cools
across the liquid phase boundary [15]. Recent research used synchrotron illumination of
the detonation wave with time resolved small angle X-ray scattering (SAXS) to image
carbon condensation during detonation [13, 17]. According to these studies carbon
remains active after completion of the fast reaction zone with solid particle formation
beginning within 100 ns of the detonation front arrival. Using SAXS, carbon growth and
aggregation were also shown to occur between 100 ns and 2 μs for
triaminotrintrobenzene (TATB) based compositions [17], and carbon products from
RDX/TNT detonations completely stabilized by around 500 ns after the arrival of the
detonation wave [13].
Carbon from detonation remains reactive and can participate in particle
aggregation after the passage of the detonation wave [13, 17]. This residual reactivity of
carbon after the passage of detonation wave provides the opportunity for the introduction
of dopants or additives such as silicon to react with the elemental carbon formed from
detonation during aggregation. The conditions present in an RDX/TNT explosive
detonation with the addition of elemental silicon as a post detonation reaction precursor
would place the detonation products in the Si + C phase separation region of the phase
diagram; however, the methodology proposed herein would allow the mixture to cool
through the cubic silicon carbide forming region of the diagram as the products expand
[18]. An experimental silicon-carbon phase diagram [18] is shown in Figure 1 and is
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overlaid with a notional cooling path for military Composition B, a 60:40 mass ratio
mixture of RDX to TNT [19]. Between the von Neumann spike and C-J state where the
detonation reaction occurs, the temperatures and pressures reach 3000-3500 K and 28-40
GPa, corresponding to the Si-C immiscibility region of the phase diagram [20]. As the
products expand and cool following detonation, temperature and pressure rapidly drop
within the first 50 nanoseconds and cross into the stability region for B3 (zincblende
cubic) SiC. The pressure achieved in the detonation does not reach level ~100 GPa
needed to stabilize B1 (rock-salt cubic) SiC.

Figure 1. Conditions produced by detonating a 60:40 mass ratio mixture of RDX and
TNT from the von-Neumann Spike state (43 GPA, 3500 K) indicated by a star then
cooling through the Chapman-Jouguet condition (28.5 GPA, 3350 K) indicated by a
circle, and into the stability region for the B3 zincblende cubic structure of silicon carbide
(Adapted from [57]).
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In this study, elemental silicon powder was added to a mixture of RDX and TNT
to assess the feasibility of direct reaction of silicon with carbon condensed from the
explosive products. Morphology of the condensed phases observed in the experimental
work is considered in relation to the release rate of energy from the explosive geometry
predicted by a Eulerian simulation of the detonation event. Composition B was simulated
at the continuum scale in a 2D axisymmetric model using a Lee-Tarver Ignition and
Growth reactive burn model (IGRB) in Ansys Autodyn [19]. A 60:40 RDX/TNT
Composition B model was selected to develop a hydrodynamic simulation of detonation
due to its similarity to the 50:50 mass ratio RDX to TNT explosive composition used in
this study as well as the availability of JWL and IGRB expansion data for the explosive
mixture. Pressure of the detonation products was predicted directly from the JWL
equation of state, and temperature was calculated along the reference isentrope using
equation 1:
(1)
where TCr is the temperature along the reference isentrope, V is the volume, Vr is the
reference volume, ω is the Gruneisen coefficient, and Tr is the reference temperature
[21].
The simulation was used to assess the thermodynamic state of the detonation
products as a function of their expansion from the original charge geometry as the
explosive detonated. An empirically determined Jones-Wilkins-Lee (JWL) equation of
state modeled the expansion of the detonation products. The IGRB model of detonation
allowed the assessment of the effects of charge geometry on the propagation of
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detonation energy by incorporating pressure dependent reaction rates through the bulk
explosive charge [22].

2. PROCEDURE

A mixture of 75.00 grams (g) RDX (Accurate Energetics), 75.00 g TNT
(Accurate Energetics) and 5.00 g of crushed silicon (-325 mesh, Alfa Aesar), shown in
Figure 2a, was melt cast into a cylinder that was 51 mm diameter x 49 mm tall. (Figure
2b). A 50:50 ratio of RDX to TNT was selected due to the additional free carbon
available due to the higher ratio of the more negatively oxygen balanced explosive, TNT,
to other more common 60:40 mixtures while maintaining pressure and temperature
similar to the simulated charge. The final mass of the cast charge was 153.90 g with 1.10
g lost due to adhesion to the molding tube during casting. One end of the charge had a 9.8
mm diameter x 12 mm deep well coaxial with the cylinder for placing the detonator. The
final cast density of the charge was 1.62 g/cm3 measured by immersion. The charge was
press fit with a Teledyne Risi RP-503 exploding bridge wire detonator and suspended
centrally in the 1.1 m3 Detonation Analysis Via Extraction (DAVE) apparatus shown in
Figure 2c. The DAVE apparatus was closed, and the environment purged to less than 3
vol. % oxygen by displacement of air with argon. Oxygen concentration was sampled at
the bottom center and top of the DAVE apparatus through the purge outlet prior to testing
using an Industrial Scientific Ventis Pro5 multi-gas monitor. The environment was then
sealed, and the charge detonated. The condensed detonation residues were collected as a
slurry using deionized water via a rinse extraction system. The condensed detonation

70
residue was then sieved through a 100 mesh screen, decanted and dried in a vacuum oven
at 100ׄ° C for further analysis.

Figure 2. Casting composition in polyethyelene molding sleeve (a), cast test charge
prepared for detonation testing (b) detonation chamber (DAVE) (c).

Detonation residues were characterized using powder X-ray diffraction (XRD;
Panalytical, X'Pert) analysis with Cu-Kα radiation. Scans were recorded from 5 to 90° 2θ
using a step size of 0.026° and an effective count time of 0.5 s per step. Powders were
also examined using transmission electron microscopy (TEM; Tecnai F20 STEM) using
an accelerating voltage of 200 kV and energy dispersive spectroscopy (EDS; Oxford
Instruments). Specimens for TEM were prepared by suspending 0.3 wt.% soot in acetone
under ultrasonic vibration for 30 min. The suspension was then deposited onto a carboncoated 400 mesh copper grid. X-ray photoelectron spectroscopy (XPS, Kratos Axis 165)
was also used for a survey elemental analysis from binding energies between 0 and 1100
eV over 500 meV steps, with a dwell time of 500 ms.
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Detonation residues were dried in a vacuum oven at 100 °C and were originally
analyzed in the raw unprocessed form. In addition, a 2 gram sample of the detonation
residue was oxidized in air at 450 °C for 24 hours to remove amorphous carbon [23, 24].
The oxidized residue was characterized using XRD with 0.1 wt. % anatase (<325 mesh,
99.9%, Loudwolf Scientific) added as an internal standard. Rietveld refinement (RIQAS
version 4.0) was used to quantify the amounts of crystalline and amorphous phases
present in the detonation residue [25]. The raw detonation residue and air oxidized
samples were further analyzed using TEM/EDS and selected area electron diffraction.

3. CHARACTERIZATION

Detonation residues were characterized using powder X-ray diffraction (XRD;
Panalytical, X'Pert) analysis with Cu-Kα radiation. Scans were recorded from 5 to 90° 2θ
using a step size of 0.026° and an effective count time of 0.5 s per step. Powders were
also examined using transmission electron microscopy (TEM; Tecnai F20 STEM) using
an accelerating voltage of 200 kV and energy dispersive spectroscopy (EDS; Oxford
Instruments). Specimens for TEM were prepared by suspending 0.3 wt.% soot in acetone
under ultrasonic vibration for 30 min. The suspension was then deposited onto a carboncoated 400 mesh copper grid. X-ray photoelectron spectroscopy (XPS, Kratos Axis 165)
was also used for a survey elemental analysis from binding energies between 0 and 1100
eV over 500 meV steps, with a dwell time of 500 ms.
Detonation residues were dried in a vacuum oven at 100 °C and were originally
analyzed in the raw unprocessed form. In addition, a 2 gram sample of the detonation
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residue was oxidized in air at 450 °C for 24 hours to remove amorphous carbon [23, 24].
The oxidized residue was characterized using XRD with 0.1 wt. % anatase (<325 mesh,
99.9%, Loudwolf Scientific) added as an internal standard. Rietveld refinement (RIQAS
version 4.0) was used to quantify the amounts of crystalline and amorphous phases
present in the detonation residue [25]. The raw detonation residue and air oxidized
samples were further analyzed using TEM/EDS and selected area electron diffraction.\

4. RESULTS AND DISCUSSION

4.1. DETONATION SIMULATIONS
The explosive charge geometry used in the continuum scale simulations is shown
in Figure 3a. Once initiated, the charge rapidly progressed to a peak detonation pressure
of ~42 GPa at the leading edge of the wave. The steady state detonation pressure, or C-J
pressure, of ~26 GPa was reached when the energy released by the detonation of the
explosive generates sufficient pressure to drive the supersonic reaction front forward at a
constant velocity [20]. While the simulated charge achieved steady state detonation, the
rarefaction wave behind the detonation front did not reach a steady state due to the
curvature of the detonation wave as it propagated across the 1:1 length to diameter
geometry of the cylindrical charge as shown in Figure 3b, 3c, and 3d. This geometry led
to an expansion profile that varied with radial distance from the center of the charge and
caused products to decay back to near ambient pressure conditions <1 GPa in less than 29 μs depending on proximity to the edge of the charge. The continuum scale model of the
detonation process enabled discussion of the kinetic constraints on Si-C particle
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formation by predicting the pressure and temperature at various points within the
environment of the detonation products as they expanded from the original condensed
explosive charge geometry.

Figure 3. Axially symmetric simulation of detonation pressure propagating through a
Composition B charge geometry consistent with the geometry used in the experimental
test with gauges halfway down the length of the charge at radii of 0, 12.5 and 25 mm (a)
at 2 µs (b), 4 μs (c) and 6 µs (d) after charge initiation.
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Gauge outputs, shown in Figure 4, showed that the shock produced by the
explosive detonation drove the pressure in the unreacted material to approximately 42
GPa during the von Neumann spike where the composition began to react. Following this
initiating pressure spike, pressure decayed over approximately 100 ns to the ChapmanJouguet (C-J) state at 26 GPa and 3300 K as the material completed the detonation
reaction process [20]. With reaction complete, the decay of temperature and pressure
varied depending on the expansion of the products. More confined products at the center
of the charge retained higher pressure and temperature for longer periods where pressure
stagnated after a short 2 μs drop from the C-J state to ~5 GPa and 2900 K for a period of
~6 μs. These decay rates indicated that at the C-J condition, while carbon was still active
for aggregation and growth, the silicon/carbon product mixture would fall in an
immiscibility region of the Si-C phase diagram (i.e., silicon and carbon would be
thermodynamically favorable relative to SiC), but that as pressure dropped below 10 GPa
near the edge of the charge, the detonation products could cool through a region of SiC
stability [13, 18]. These processes are likely to occur before slower oxidation of the
silicon behind the light gas reactions of the detonation front [26].

4.2. SIC SYNTHESIS
The crystalline silicon liquified by the detonation shock was anticipated to react
with carbon as the carbon condensed from the detonation product flow resulting in the
production of SiC [27, 28]. Silicon was also anticipated to oxidize during product
expansion resulting in amorphous SiO2 production. The detonation soot was also
anticipated to contain residual crystalline Si that had been added as a precursor as well as
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Figure 4. Plots of simulated detonation pressure and temperature measured at simulated
gauge location during detonation and expansion predicted by JWL equation of state at
varying radii from the center of the charge.

sp2, sp3, and amorphous carbon soot typical of RDX/TNT detonations. The total mass of
condensed detonation residue collected after drying was 12.03 g. X-ray diffraction
patterns of the raw unprocessed soot, shown in Figure 5, exhibited a broad peak centered
around 24° indicative of amorphous carbon and/or SiO2. Crystalline silicon (PDF card
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01-075-0589) was indicated by sharp peaks at 28.4°, 47.3°, 56.1°, 69.0 and 88.0°
corresponding to the (111), (220), (311), (400), and (422) Miller indices of the Si
diamond cubic lattice. In addition, broad peaks at 36°, 41° 60°, 72°, and 75° were
observed corresponding to the (111), (200), (220), (311), and (222) Miller indices
associated with the cubic structure of β-SiC (PDF card 01-073-1708).

Figure 5. XRD pattern of the raw unpurified detonation residue with labeled peaks for
crystalline silicon and SiC.

After 24 hours of air oxidation at 450 °C the mass of the carbon soot sample
reduced by 49% and its color changed from black to light grey as shown in Figure 6.
XRD patterns of the oxidized detonation residue showed decreases in the intensity of the
broad peaks centered around 27° and 43°. The reduction in peak intensity indicates
removal of amorphous carbon, but retention of crystalline peaks for Si and SiC.

77
Amorphous carbon was apparently removed by oxidation between 400°C and 450°C,
which is consistent with other reports [23].

Figure 6. Silicon loaded RDX/TNT detonation residue before (a) and after (b) 24 hrs air
oxidation at 450°C.

Rietveld refinement of XRD patterns for unpurified and air oxidized specimens
containing an internal standard are shown in Figure 7. The unprocessed detonation
residue contained 4.3 wt.% elemental silicon and 3.1 wt.% β-SiC with 92.6 wt.%
amorphous content. The air oxidized sample was shown to contain 8.8 wt.% elemental
silicon and 7.1 wt.% β-SiC with amorphous content reduced to 84.1% due to the
oxidation of carbon. The goodness of fit for the Rietveld refinement is indicated by Rwp
values of 4.61 and 3.95 respectively for the raw soot, and the oxidized sample. The
doubling in concentration of SiC and Si after oxidation showed good agreement with the
relative peak intensity despite a 49% reduction in mass after oxidation in air. This
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analysis revealed that the overall concentration of β-SiC could be estimated at 3.1 wt. %
for an overall estimated yield in the collected raw detonation products of 0.4 grams.
values of 4.61 and 3.95 respectively for the raw soot, and the oxidized sample. The
doubling in concentration of SiC and Si after oxidation showed good agreement with the
relative peak intensity despite a 49% reduction in mass after oxidation in air. This
analysis revealed that the overall concentration of β-SiC could be estimated at 3.1 wt. %
for an overall estimated yield in the collected raw detonation products of 0.4 grams.

Figure 7. XRD pattern of the unprocessed residue (orange) compared to the air oxidized
residue at 450 °C (blue) with marked peaks for anatase internal standard (TiO2,●), Si (■),
and β-SiC (⯁).

The unprocessed and air oxidized detonation residues were analyzed via XPS and
the results are shown in Table 1. The 120% and 130% increase in the atomic
concentrations of Si and O respectively after oxidation showed good agreement with the
105% and 129% increase in elemental Si and β-SiC weight concentrations observed

79
through XRD analysis. XPS indicated that the most notable change after oxidation was
reduction of the C1s peak, which decreased by ~74%. The loss of amorphous carbon is
consistent with XRD analysis that showed reduction of the broad peaks at 27° and 43°.

Table 1. Surface elemental analysis quantification from XPS.
Unprocessed
At. % Wt. %
Si 2p
C 1s
N 1s
O 1s

15.6
60.8
1.3
22.2

27.4
47.0
1.2
24.3

Air Oxidized
At. % Wt. %
36.1
14.8
N/A
49.0

65.3
11.4
N/A
53.6

TEM analysis revealed a mixture of both amorphous and crystalline material in
the dried, but unprocessed detonation residues. Spherical SiO2 particles greater than 500
nm in diameter were observed in the residue as shown in Figure 8a. Near the spherical
SiO2 particles, polycrystalline agglomerates (Figure 8b) of polyhedral particles less than
50 nm in diameter were observed that were suspected as a mixture of Si and SiC. The
abundance of amorphous carbon within the raw detonation residue encapsulated the
crystalline particles present obscuring the view for high resolution imaging of individual
particles (Figure 8c). Initially the excess carbon precluded the observation of definitive
identifying characteristics of SiC through SAED or EDS, which prompted the use of
purification techniques to remove excess carbon from the sample and obtain high
resolution images of the individual crystals.
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Figure 8. TEM images of the raw unpurified detonation residue showing amorphous
SiO2, near agglomerated Si/SiC clusters (a), obscured in high resolution imaging at
greater magnification by an amorphous carbon coating (b and c).

Imaging of the oxidized residue revealed the presence of agglomerated crystalline
particles (Figure 9a) abundant in the residue. The residue was largely free of amorphous
carbon, which enabled clear high-resolution imaging of individual crystalline particles,
shown in Figure 9b. The crystalline particles had several defining features of crystalline
silicon carbide. An image taken along the [110] zone axis in Figure 9b showed visible
stacking faults along the {111} planes with an interplanar spacing of 2.5 Å. Additionally,
double spotting and streaking observed in the SAED along the [110] zone axis along the
<111> direction indicated significant random stacking in the {111} family of planes.
Complementary compositional information collected by EDS (not shown) indicated that
the particles were rich in Si and C, but did not contain any other metals in significant
quantities. Taken together, the observed interplanar spacings and stacking faults coupled
with the cubic structure observed in SAED and compositional information by EDS
confirmed the presence of crystalline β-SiC in the detonation residues [29].
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Figure 9. High resolution TEM images of SiC in detonation residue after 24 hrs.
oxidation at 450 C (a) showing clearly defined stacking faults and cubic structure of βSiC.

Both XRD and TEM analyses indicate that β-SiC nanoparticles were produced by
the detonation process. In addition, thermal oxidation was effective in removing the
amorphous carbon in the residue, which facilitated the characterization. For industrial
purposes, the remaining elemental Si could also be oxidized at temperatures approaching
900° C after which remaining SiO2 could be dissolved through boiling in hydrofluoric
acid leaving behind only crystalline β-SiC nanopowders suitable for use in industrial
applications [23, 30, 31]. This level of intensive processing, however, was beyond the
scope of the present study that had the goal of demonstrating the feasibility of forming
SiC by reacting a silicon powder precursor with carbon from detonation without requiring
polymeric SiC precursors to be incorporated into the explosive matrix [2].
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5. CONCLUSIONS

Detonation synthesis of silicon carbide nanoparticles was demonstrated by
reacting carbon condensed from an RDX/TNT detonation with elemental silicon
incorporated into an explosive charge. The presence of β-SiC in the post detonation
residue was indicated by XRD and confirmed through TEM analysis with Selective Area
Electron Diffraction and Energy Dispersive Spectroscopy. X-ray photoelectron
spectroscopy revealed that oxidation removed amorphous carbon from the detonation
residue. The estimated yield of β-SiC in the 12.025 grams of collected detonation residue
was 3.1 wt.% from a 153.90 gram charge composed of a 50:50 mass ratio RDX/TNT
detonation and containing 5.00 grams of uniformly added silicon. Most of the detonation
products consisted of amorphous carbon and SiO2, which can both be removed from the
detonation residue through either thermal oxidation or acid purification treatments [23,
30, 31]. These results along with an Eulerian hydrodynamic model of the detonation
wave propagation showed that the pressures and temperatures associated with RDX/TNT
detonation would initially fall in an Si/C immiscibility region of the phase diagram, but
would cool through a β-SiC forming region before the oxidation of elemental silicon, and
while the detonation carbon was chemically reactive within 1 μs of the passage of the
detonation wave [13, 26].
The implication of this work is that the addition of precursors like elemental
silicon can be used to produce β-SiC nanoparticles through reaction with carbon liberated
by detonation. This work shows that elemental precursors can react with detonation
products to selectively form desired phases. The proposed methodology requires
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optimization and further testing to assess the effect of the amount and particle size of the
precursor on the balance between detonation product formation and the detonation
velocity and pressure of the explosive. However, this study shows promise of explosive
detonation to produce desired nano sized ceramic phases from the carbon of detonation
when reacted with elemental precursor additives.
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IV. RELATING DETONATION PARAMETERS TO THE DETONATION
SYNTHESIS OF SILICON CARBIDE

Martin J. Langenderfer, Eric Bohannan, Jeremy Watts, William G. Fahrenholtz,
Catherine E. Johnson
Department of Mining and Explosives Engineering, Missouri University of Science and
Technology, Rolla, MO 65409

ABSTRACT

Detonation synthesis of silicon carbide (SiC) nanoparticles from carbon liberated
by negatively oxygen balanced explosives was evaluated in a 23 factorial design to
determine the effects of three categorical experimental factors: 1) RDX/TNT ratio; 2)
silicon additive concentration; and 3) silicon (Si) particle size. These factors were
evaluated at low and high levels as they relate to the detonation performance of the
explosive as well as the solid Si containing phases produced during detonation.
Responses evaluated include detonation velocity and Chapman-Jouguet (C-J) detonation
pressure, which were measured using rate stick plate dent tests. Solid detonation product
mass, silicon carbide product concentration, and residual silicon concentration were
evaluated from detonation synthesis experiments using X-Ray diffraction analysis. The
factors of Si concentration and RDX:TNT ratio were shown to affect detonation
performance in terms of detonation velocity and C-J pressure by up to 10% and 22%
respectively, resulting in an increase in energy transferred into the expanding products
causing a greater degree of Si reaction. Increased concentration of Si in the reactants
improved SiC concentration in the detonation products by 60 % on average relative to the
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low level. Similarly, increasing the ratio of RDX to TNT further oxidized detonation
products and reduced residual Si remaining after detonation by 80% on average
compared to the low level. Si particles size was not shown to significantly impact
detonation performance or SiC synthesis at the tested size range, however it was
inversely correlated to residual Si in the detonation products. The optimal treatment
combination in this study, a 70:30 mass ratio mixture of RDX to TNT loaded with 10
wt.% <325 mesh silicon powder, produced near gram quantities of nanocrystalline cubic
silicon carbide from a 150-gram test charge with a SiC to residual Si ratio of 1.67:1.

1. INTRODUCTION

Silicon carbide (SiC) is an important ceramic material due to superior mechanical
properties of high strength and hardness as well as its thermally stable properties
including high oxidation resistance and high melting point [1, 2]. SiC semiconductors
exhibit interesting electrical properties such as voltage dependent resistance, and
superconductivity when doped with boron or aluminum [3]. These desirable properties
make SiC-based materials suitable for a variety of applications ranging from hightemperature and high-power semiconductors and substrates in integrated circuits, to
reinforcing materials in ceramic armors and cutting tools, as well as thermally conductive
refractory materials [1, 4, 5].
Detonation synthesis of silicon carbide nanoparticles has been previously
demonstrated both using organic SiC precursors incorporated into an explosive matrix
[6], as well as using carbon liberated by the detonation of negatively oxygen balanced
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explosives [7]. Oxygen balance is a commonly used measure in explosives engineering
for evaluating performance in terms of brisance of an explosive based on its chemical
composition. Oxygen balance is in terms of the weight of excess oxygen compared to the
weight of the explosive calculated under the assumption that the formation of detonation
products follows the following order of priorities [8]:
1) All of the nitrogen forms N2
2) All of the hydrogen is burned to H2O.
3) Any oxygen left after H2O formation burns carbon to CO.
4) Any oxygen left after CO formation burns CO to CO2.
5) Any oxygen remaining forms O2
6) Traces of NOx (mixed oxides of nitrogen) are always formed.
Oxygen Balance (OB%) evaluates the weight of excess oxygen following the
order of priorities compared to the weight of the explosive as defined by the equation 1
[8]:
𝑂𝐵% = 100 ∗

16
𝑦
(𝑧 − 2𝑥 − )
𝑀𝑊𝑒𝑥𝑝
2

(1)

where 16 is the atomic weight of oxygen, MWexp is the molecular weight of the
explosive, and x, y, and z represent the number of atoms of C, H and O, respectively, that
are present in the reactant explosive.
Generally, metalized, semi metalized, or siliconized explosives are known to
increase the heat of detonation by acting as a fuel while effectively reducing the oxygen
balance of the explosive [9]. Si has also been shown through plate dent and cylinder
tests to reduce the detonation velocity and Chapman-Jouguet (C-J) steady state
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detonation pressure but increase impulse during expansion when mixed with RDX
compositions through dent and cylinder tests [10]. These early studies did not evaluate
the effects of parameters such as silicon size, concentration, and oxygen balance on
production of desirable phases like SiC, which is the goal of this paper.
Successful detonation synthesis of industrial nanopowders like SiC is desirable
due to the rapid production and relatively low capital cost of the process compared to
other production methods of these hard materials [11, 12]. The purpose of the present
study is to demonstrate improvements to the concentration of SiC nanoparticles produced
during detonation synthesis utilizing carbon liberated from the detonation of mixtures of
RDX and TNT containing dispersed elemental silicon as an SiC precursor. To
accomplish this goal, a 23 factional design of experiments and parametric analysis was
used to relate the detonation parameters of the explosive composition observed from
experimental rate stick plate dent tests to the solid phase products observed from
detonation synthesis tests.
The methodology developed through this work, while applicable to the Si system
as they react with the C, H, N, and O, products of RDX/TNT detonation can also be
applied to other energetic material and synthetic additive systems to serve as a guide to
design detonation synthesis experiments in general. The goal of this research is to further
understand the relationship between detonation parameters and the synthesis of SiC
nanoparticles to improve the specificity of the process through fundamental
understanding. Understanding the effects of additive size, concentration, and the oxygen
to carbon ratio of the explosive, as well as their relationship to expansion and
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thermochemistry of the detonation products will enable in the assessment of why
modifications to the explosive composition alter condensed product phases observed.
A plate dent test with detonation velocimetry was used in this study to measure
changes in detonation performance. The plate dent test configuration, shown in Figure 1,
provides an experimental assessment of detonation pressure by detonating a 19.05millimeter (mm) (0.750 in.) diameter x 127 mm (5.000 inch (in.)) long explosive cylinder
butted against a 50.8 mm (2.000 in.) thick cold rolled mild steel plate. The depth of the
dent produced relative to the flat surface of the plate has a strong linear correlation to the
C-J detonation pressure of the explosive calculated using equation 2 [13, 14, 15].
𝑃𝐶𝐽 =

𝜌0 𝐷 2
1+𝛾

(2)

where D is the detonation velocity, ρ0 represents the density of the charge prior to
detonation, and γ is the adiabatic index of the product mixture. For product mixtures of
CHNO explosives with uncertain gaseous product speciation, an adiabatic index of 3 is
commonly assumed and was used in the present study to estimate C-J pressure.

Figure 1. Dimensional diagram of dent test setup.
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2. METHODOLOGY

A 23 factorial design was used to identify the significance and potential interaction
between three factors: 1) additive concentration, 2) carbon to oxygen ratio in the
explosive, and 3) Si particle size in the explosive. The high and low levels of each factor
are outlined in Table 1 with treatment combinations outlined in Table 2. These factors
were selected due to their pertinence to detonation synthesis phase production as
identified in prior studies [7]. The three experimental factors were held constant between
dent and synthesis tests to assess pressure as well as solid product formation,
respectively.

Table 1. Factor designation 23 factorial experimental design.

A

B
C

Factor

Low (0)

High (1)

O/C Ratio (varied by explosive
mixture)

30/70 weight %
(wt. %)
RDX/TNT
Oxygen Balance
(OB%) = -58.25

70/30 wt.%
RDX/TNT
OB% = -37.31

5%

10%

<325

100-200

Additive concentration (overall
mass %)
Additive Size (mesh size)

Response variables to be evaluated from the factorial experiments include:
Plate Dent Testing:
•

Initial cast density

•

Velocity of Detonation

•

Calculated Chapman-Jouguet Detonation pressure
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•

Experimental Chapman-Jouguet Detonation pressure

Synthesis Testing:
•

SiC product concentration

•

Si product concentration

Table 2. Treatment combination designation for 23 factorial experimental design.
Treatment
(1)
a
b
ab
c
ac
bc
abc

A
0
1
0
1
0
1
0
1

Factors
B
0
0
1
1
0
0
1
1

C
0
0
0
0
1
1
1
1

2.1 PLATE DENT TEST WITH DETONATION VELOCIMETRY
Dent test charges were cast into 19.05 mm (0.750 in.) diameter x 25.4 mm (1.000
in.) long cylinders using non-sparking brass press molds, shown in Figure 2a, to achieve
a designed density at constant mold volume while minimizing void formation within the
charge [16]. The molds were preheated to 80°C and filled with a known mass of a molten
RDX:TNT mixture heated to 100°C to achieve the desired density. The press die was
then closed in a screw press to an internal die pressure not greater than 68 MPa as the
explosive mixture solidified and contracted. Once the explosive solidified and the target
density was achieved, as indicated by die closure, the pressed pellets were extracted from
the press die using a non-sparking extractor pin, and their final pressed density was
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calculated from dimensions determined using a digital caliper accurate to the nearest 0.01
mm (0.0005 in.) and mass measured using an analytical balance accurate to the nearest
0.0005 grams.
Five of the measured pellets were loaded into a vertically slotted 152 mm (6.000
in.) long x 19 mm (0.750 in.) inside diameter x 1.6 mm (0.0625 in.) thick
polymethylmethacrylate (PMMA) tube. The tubes were predrilled with 1 mm (0.040 in.)
diameter holes for mounting piezoelectric time of arrival pins at 25.4 mm (1.000 in.)
intervals drilled lengthwise along the tube starting 12.7 mm (0.500 in.) from the bottom
of the tube. The pins were used to measure the arrival time of the detonation shock front
at the center of each pellet for detonation velocity measurement. Once loaded, each
predrilled hole was fitted with a piezoelectric pin that was secured using an ethyl 2cyanoacrylate based epoxy adhesive with a one-minute cure time. A commercial 10 g
pentolite initiating booster (Trojan Stinger, Dyno Nobel) was secured against the top
pellet using polyvinylchloride insulating tape. The bottom pellet was coated with a 0.5
mm (0.020 in.) thick film of petroleum grease to maximize mechanical coupling of the
charge to the witness plate. Finally, the prepared charge was secured centrally to a 76 mm
(3 in.) x 76 mm (3 in.) surface of the witness plate around the PMMA tubing using the
epoxy as shown in Figure 2b. The prepared dent test fixtures were placed on a 51 mm (2
in.) thick momentum trapping anvil inside a 3.5 kg rated detonation tank and was
detonated using an electric detonator (Austin Powder, Rockstar series). After the test a
height gauge was used to measure the depth of the dent produced by the detonation in the
steel plate as shown in Figure 2c.
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Figure 2. Cast 19.05 mm (0.750 in.) diameter x 25.4 mm (1.000 in.) long dent test pellet
after removal from brass forming mold (a). Prepared dent test with piezoelectric pins
attached for detonation velocimetry (b), and dent depth measurement using height gauge
(c).

Two control charges with the high and low level of RDX:TNT ratio with no
added Si were also tested as a baseline to evaluate the detonation performance and phase
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production of a charge without Si. The three experimental factors were evaluated in
terms of detonation performance using the plate dent test with detonation velocimetry via
piezoelectric pins connected to an oscilloscope sampling at 250 MHz.

2.2 SYNTHESIS TESTS
Synthesis tests were conducted based on the factorial design using cylindrical
charges 28.6 mm (1.125 in) in diameter with a mass of 150 g. Synthesis charges were
formed using the same press casting process used in dent tests with individual pellets
adhered coaxially using ~20 mg of cyanoacrylate adhesive as shown in Figure 3a. Test
charges were initiated by a Teledyne RP-503 exploding bridgewire detonator also
adhered coaxially to the end of the charge using cyanoacrylate adhesive. All tests were
conducted in an inert detonation environment purged with argon to O2 concentrations of
less than 3 volume % at ambient temperature conditions of 22°C in the Detonation
Analysis Via Extraction (DAVE) apparatus (Figure 3b). Detonation residues were
collected as an aqueous slurry by rinsing the DAVE apparatus posttest with 18 liters of
deionized water using a built-in interior sprinkler system. The collected slurries were then
allowed to settle overnight, decanted and dried in a vacuum oven at 700 mm Hg below
ambient pressure, the collected slurries were sieved through a 100-mesh screen to remove
particles of the initiation system larger than the largest starting silicon particles used.
Prior to subsequent testing the DAVE apparatus was pressure washed with tap water and
rinsed with deionized water.
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Figure 3. Prepared 1.125-inch diameter 150 gram 70:30 mass ratio RDX/TNT charge
with added 10 wt.% coarse silicon synthesis test charge fitted with RP-503 detonator (a)
detonated centrally in the Detonation Analysis Via Extraction apparatus sealed during
synthesis testing (b).

2.3 PRODUCT CHARACTERIZATION
Condensed phase detonation products were characterized using powder X-ray
diffraction (XRD; Panalytical, X'Pert) analysis with Cu-Kα radiation to identify
composition and structure based on patterns in the diffraction peaks. Scans were recorded
from 5 to 90° 2θ using a step size of 0.026° and an effective count time of 0.5 seconds per
step. The purified residues were characterized using XRD with 0.1 wt. % anatase (<325
mesh, 99.9%, Loudwolf Scientific) added as an internal standard. Rietveld refinement
(RIQAS version 4.0) was used to quantify the amounts of crystalline and amorphous
phases present in the detonation residue [25]. Anatase was chosen as the internal standard
due to the separation of the primary identifying peaks of anatase from the primary
identifying peaks of silicon and silicon carbide. The anatase used in these experiments
was compared to a NIST standard (Standard Reference Material 1898, National Institute
of Standards and Technology) and shown to consist of 99.97 wt. % of the anatase phase
of TiO2.
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3. RESULTS

3.1 PLATE DENT TEST
The results of the dent tests are summarized in Table . A linear regression plot
was produced to correlate the C-J pressure calculated using equation 1 to the depth of the
dents produced in the steel plates. The predictive strength of the dent test to indicate C-J
pressure is demonstrated by the strong linear correlation of dent depth to the calculated
C-J Pressure, R2 = 0.97 (Figure 4). The regression was used to determine an experimental
C-J pressure for statistical analysis. ANOVA of the dent test results show that C-J
pressure is strongly positively correlated to the RDX:TNT ratio with a p-value of 0.008,
and inversely correlated to the Si mass concentration with a p-value of 0.05. Si particle
size did not have a significant effect on the measured detonation velocity or C-J pressure
with a p-value of 0.2.

Table 3. Factorial detonation velocity and pressure results.
Experimental Factors
RDX:TNT
(30:70 = 0)
(70:30 = 1)
Control 0
Control 1
0
1
0
1
0
1
0
1

Results

Si
Calculated Experimental
Si Size
Detonation
CJ
Concentration
Density
Dent
CJ
Regression
(<325 mesh = 0)
Velocity
Pressure
(5 wt.% = 0)
(g/cm^3)
Depth (in) Pressure CJ Pressure
(200-100 mesh = 1)
(km/sec)
% Error
(10 wt.% = 1)
(kBar)
(kBar)
NA
NA
0
0
1
1
0
0
1
1

NA
NA
0
0
0
0
1
1
1
1

1.65
1.66
1.67
1.70
1.70
1.71
1.66
1.68
1.69
1.70

7.24
8.01
7.15
7.74
7.06
7.54
7.13
7.73
7.01
7.56

0.1210
0.1355
0.1205
0.1325
0.1155
0.1295
0.1185
0.1325
0.1165
0.1295

216
267
214
254
211
243
211
251
208
244

220
262
218
253
204
244
213
253
207
244

-2.0%
1.8%
-2.2%
0.4%
3.6%
-0.6%
-0.8%
-0.8%
0.6%
-0.3%

99
280
270

y = 2898x - 130.86
R² = 0.9694

CJ Pressure (Kilobars)

260
250
240
230
220
210
200
190
180
0.1150

0.1200

0.1250

0.1300

0.1350

Dent Depth (mm)

Figure 4. Linear regression correlating observed plate dent depth to VOD calculated C-J
detonation pressure.

3.2 SYNTHESIS TESTS
Control residues at the high and low RDX:TNT ratios produced 10.3 grams and
11.2 grams of dry solid products, respectively. XRD analysis showed that the control
soots consisted of primarily nanocrystalline diamond, as well as some graphitic or
amorphous carbon, as shown by the blue control trace in Figure 5. Each of the Si loaded
charges produced varying ratios of Si and SiC in the detonation residues. Figure 5 also
shows a comparison of XRD patterns from the 30:70 RDX/TNT control soot (blue) to the
30:70 +10 wt% Fine Si (red) soot which produced the greatest overall amount of SiC at
3.8 wt. %, as well as the 70:30 + 10 wt% (green) Fine Si which exhibited the greatest
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ratio of SiC to residual Si in the detonation products at 1.67:1. It was also noted that the
particle size estimated from the Rietveld Refinement indicated an average crystallite size
of 19 nm for SiC with an average particle size of residual Si at 1000 nm. A complete
table of results from the Rietveld refinement comparing the quantities of Si, SiC,
nanodiamond, and amorphous material in the treatment detonation residues is shown in
Table 4.

Figure 5. Comparison of XRD patterns showing SiC production and residual Si from
70:30 wt.% RDX/TNT (green) and 30:70 wt.% RDX/TNT (red) loaded charges with 10
wt.% fine Si in comparison to the 30:70 wt.% RDX/TNT control charge (blue).
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Table 4. Treatment comparison summary for collected soot mass and quantitative phase
analysis through Rietveld refinement.
Treatment

70:30
+ 5F

30:70
+ 10F

30:70 +
10C

70:30 +
5C

30:70 +
5C

70:30 +
10C

70:30 +
10F

30:70 +
5F

Soot Mass
(grams)

21.5

39.2

41.9

20.3

35.4

31.2

29.3

28.8

Wt. % Si

0.9

8.9

13.9

2.5

7.9

2.2

2.1

4.4

Wt. % SiC
Si:SiC
Ratio
Wt. % C,
Diamond
Wt. %
Amorphous

0.7

3.8

3.6

2.7

2.0

2.7

3.5

2.8

0.8

0.4

0.3

1.1

0.3

1.2

1.7

0.6

14.4

27.5

33.2

27.8

47.3

15.8

15.1

32.5

84

59.8

49.3

67.0

42.8

79.3

79.3

60.3

4. ANALYSIS AND DISCUSSION

An ANOVA conducted in JMP revealed significance to the main effects of
RDX:TNT mass ratio and added Si concentration at a 95% confidence level on the
combined response variables of VOD, calculated C-J pressure, soot mass, as well as SiC
and Si concentration in the detonation products. This indicated that these parameters
showed overall effects on the detonation performance and/or phase production of each
explosive. Si size as well as interaction effects were not significant at a 95% confidence
level under the main effects on the combined response variables. After removing Si size
and its interaction effects from the least squares fit model, RDX:TNT ratio and Si
Concentration as well as their interaction showed significance to the combined main
effects at a 95% confidence interval. The significant factors were kept in the model to
estimate effects on the individual response variables. Figure 6 shows a prediction interval
summary for the effects of RDX:TNT concentration and Si concentration on each of the
tested response variables.
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Figure 6. Prediction interval showing effects of RDX: TNT concentration and Si
concentration on response variables of detonation velocity, CJ Pressure, collected soot
mass, SiC product concentration, and residual Si product concentration.

The ANOVA indicates that while increasing the RDX:TNT ratio of the explosive
resulted in an 8.5% average increase to the detonation velocity and a 19% increase in the
C-J pressure of the detonation, the overall soot mass was reduced by 40%. The overall
concentration of SiC and Si in the soot were also reduced by 36% and 50% respectively.
This can be explained by the fact that the greater OB% of -37.31 in the RDX rich
mixtures increased oxidation of both the carbon and silicon-based products of detonation.
For carbon, this results in a greater quantity of CO gas produced, which decreases the
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condensed product mass. For Si, this results in the production of amorphous SiO2 which
is presented generally as amorphous content in the analysis. While the increased
oxidation of the products reduced the overall soot yield, and the concentration of SiC in
the soot, the greater oxidation of Si to SiO2, and concentration of SiC to Si is
advantageous in the higher RDX:TNT ratio. The amorphous material produced can be
removed through hydrofluoric acid purification.
With increasing Si concentration, a slight decrease in VOD and C-J pressure was
observed. This resulted from Si not contributing energy directly to the light gas reactions
that occur at the detonation front but oxidizing later during product expansion [7, 10].
The 10 wt.% concentration of Si in the test charges resulted in an average 8.7-gram
increase in soot yield in comparison to the additional 7.5 grams of silicon added to the
charge from the 5 wt.% Si compositions. The increase in added Si to the explosive
composition also increased the concentration of SiC observed in the detonation products
by 29.1%. However, the increase in silicon concentration increased the average mass
concentration of residual Si in the detonation products by 349%. This effect was greater
at the low ratio of RDX:TNT compositions as less of the detonation products were
subject to oxidation after detonation due to the lower oxygen balance.

5. CONCLUSIONS

This study used a factorial design of experiments to evaluate the effects of three
experimental factors, 1) RDX/TNT ratio, 2) Si additive concentration, and 3) Si particle
size, on the relationship between the detonation parameters observed in a rate stick plate
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dent test and the solid Si based phases observed in detonation synthesis tests. The tests
showed that a more neutral oxygen balance and greater detonation coupled with the
higher 10% concentration of silicon yielded the third greatest quantity of SiC with the
least residual silicon.
With the goal of maximizing the quantity of SiC produced and minimizing the
quantity of residual Si after detonation, this study demonstrated that increasing the
oxidizing capability by increasing the RDX concentration as well as increasing
concentration of added Si was most effective. This configuration resulted in the
production of increased amorphous content in the soot resulting from the increased
detonation pressure and greater oxygen balance of the explosives. In this case, amorphous
content was considered advantageous relative to residual Si, as the amorphous content
can be removed through hydrofluoric acid purification. These tests showed that the
detonation of a 150 gram RDX: TNT charge loaded with silicon can be used to produce
1.5 gram of cubic silicon carbide nanoparticles per test from RDX:TNT compositions
that produced between 10-11 grams of solid carbon products. The process requires
further optimization to eliminate residual Si from the detonation products and maximize
SiC yield.
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SECTION

3. CONCLUSIONS AND RECOMMENDATIONS

3.1. CONCLUSIONS
This research expanded the fundamental knowledge of detonation as it relates to
the synthesis of nanomaterials, namely SiC nanopowders by answering the questions
posed in Section I. This section summarizes answers to the four guiding questions
proposed in the introduction that were addressed in the presented papers.
Recommendations for further work are presented based on the findings from each study.
3.1.1. Can Detonation Be Used to Facilitate SiC Production from an Organic
Precursor? Currently, manufacture of SiC nanoparticles involves the milling of larger
SiC particles into the nano scale [2, 54, 53]. These size reduction methods become less
efficient and more expensive as particle sizes reduce into the nanoscale. The present
research demonstrated the synthesis of β-SiC nanoparticles during detonation by
incorporating 10 grams of polycarbosilane, a silicon carbide forming precursor, into an
explosive matrix of 120 grams RDX and 120 grams TNT. Polycarbosilane was selected
as a precursor as the material is known to undergo pyrolysis to form SiC at temperatures
over 1000°C [58]. XRD indicated the presence of β-SiC as well as Si, amorphous SiO2,
crystalline nanodiamond as well as graphite and amorphous carbon. This study was the
first to demonstrate desired bulk SiC nanoparticle production during detonation using a
SiC precursor incorporated into a high explosive matrix.
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3.1.2. What Effect Does the Addition of Precursor Materials Have on the
Propagation of the Detonation Wave? In Paper II, silica, as an inert explosive additive,
was shown to slow not only the propagation of the detonation wave in simulation due to
its low impedance mismatch compared to the detonating RDX/TNT explosive but also a
reduction of the explosive density in the cast and simulated charges. Loading
configuration and size of the inert additive were shown to affect the morphology of silica
collected from the detonation products. Silica mixed uniformly within the charge or
placed centrally in the charge as a bulk cylinder exhibited shock convergence to pressures
over 100 GPa, significantly greater pressures than the C-J pressure of the explosive of
~28 GPa. Shock convergence on internally loaded silica was attributed to an increase in
amorphous Silica produced during experimental tests in comparison to silica placed as a
shell around the outside of the detonating explosive which experienced diverging shock
to pressures lower than the C-J pressure of the explosive and retained a greater degree of
crystallinity. This study showed that to fully understand the heat transfer conditions
which induce phase changes in precursor additives during detonation synthesis
experiments, the shock properties of the incorporated material must be known as they
will differ from the detonation conditions of the explosive depending on additive size and
loading configuration. In general, this study showed that when the energy of detonation
in the form of temperature and pressure is applied in greater magnitude, over a longer
period and to a smaller additive particle size, that a greater degree of phase change
occurred in the inert silica additive. These results showed that both manipulating loading
configuration and additive size will affect phase production in detonation synthesis tests.
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3.1.3. Can SiC Be Synthesized By Directly Reacting Elemental Si with Free
Carbon Liberated During Detonation? To answer this question, 5 grams of crystalline
silicon was added to a cast explosive matrix of 75 grams TNT and 75 grams RDX and
detonated. Simulation of a similar 60:40 mass ratio composition of RDX and TNT
demonstrated that the conditions present during detonation were thermodynamically
suitable for the production of SiC as the detonation products quench and expand at over
16 billion K/s through an SiC forming region of the phase diagram. Carbon liberated
during detonation has been shown to remain reactive for up to 500 ns following the
passage of the detonation wave, during which time SiC nanoparticles may form. X-ray
Diffraction again indicated the presence of β-SiC as well as Si, amorphous SiO2,
crystalline nanodiamond as well as graphite and amorphous carbon. Rietveld refinement
was conducted with 10 wt.% anatase added as an internal standard and indicated that the
raw soot contained approximately 3 wt.% SiC. X-ray photoelectron spectroscopy
indicated that the detonation residue was rich in Si, C, and O. Samples of the detonation
residue were isolated using thermal oxidation treatment, after which the presence of SiC
nanoparticles was unambiguously confirmed through TEM and EDS analysis. This study
is fundamental to the advancement of detonation synthesis as it shows that the traditional
products of detonation can contribute to formation of novel phases such as SiC.
3.1.4. How does the Concentration of Si, Its Particle Size, and the RDX/TNT
Ratio of the Explosive Affect the Production of Silicon Carbide? A factorial study
was designed to test the effects of RDX/TNT ratio, silicon additive concentration, and
silicon additive size as experimental variables on the detonation parameters of detonation
velocity and C-J detonation pressure using a plate dent test. The same experimental
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variables were also considered as they related to the detonation synthesis of silicon
carbide during detonation synthesis tests. XRD of detonation soots produced in this study
indicated that the greatest concentration of SiC was produced with the low factor for
RDX:TNT ratio, and particle size, but the high factor for Si concentration at 3.8 wt. %.
This formulation also produced the greatest overall mass of soot at 41 grams with the
lowest apparent concentration of SiO2. The high RDX/TNT ratio produced less soot on
average with slightly lower SiC concentration in the soot, however the amount of residual
Si remaining after the detonation was approximately 20% of the low RDX:TNT
concentration tests. This occurs due to the excess oxygen present in the explosive
oxidizing Si to amorphous SiO2. These findings suggest multiple hypotheses for the
mechanisms of SiC formation during detonation:
1) SiC formation is limited by the degree of Si-C interaction in the brief 500 ns
window of reactivity before the products begin to expand, and greatly reduce in
their molecular interaction
2) Excess oxygen contributes simultaneously to the combustion of carbon during
detonation to form CO and CO2 species as well as with Si to form SiO2., thus
increasing the oxygen balance significantly increases the presence of amorphous
SiO2 in the detonation soot which, as opposed to residual Si, can be removed
through hydrofluoric acid purification.
3) While decreasing particle size of the Si additive did not show a significant effect
on the detonation parameters or the quantity of SiC produced, this variable did
show significance with regard to the amount of residual Si with a 37% reduction
in residual Si and a 20% increase in in amorphous concentration for the finer
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starting size silicon. This supports the hypothesis in the study that by reducing
additive particle size the concentration of amorphous content in the detonation
residue increases.
4) Assuming similar expansion and quenching rates between the low and high ratio
of RDX:TNT, the 20% lower detonation pressure observed in the low ratio placed
the detonation products nearer to the SiC forming region of the Silicon Carbon
phase diagram, thus increasing the concentration of SiC observed in the
detonation residues as well as increasing the overall mass of soot.

3.2. RECOMMENDATIONS
Detonation synthesis is a promising avenue of research for the industrial
production of nanoparticles due to the ability to rapidly produce large quantities of
nanoparticles at a relatively low cost. There are many questions that remain to be
answered before the process can be adapted to industrial scale production of a desired
phase such as nanoscale silicon carbide. Most of these areas of further research surround
the isolation and purification of the desired products.
One area of further research identified during this study is the role of repeat
testing on the phases produced. In this research the test apparatus was purged with argon
between each test displacing the residual gaseous products of detonation in the test
environment. Eliminating the need to purge between tests would greatly increase the
throughput and overall product yield, however further study would indicate if residual
gas in the test environment affects nanomaterial production in subsequent tests.
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Additionally, XRD indicates a great size discrepancy in residual particles from the
synthesis tests using added silicon as a precursor. For instance, the Rietveld refinement
indicates that average SiC crystallite size is ~20 nm diameter while the average Si
Crystallite remnant is ~1 000 nm in diameter. In an industrial process using detonation to
produce a desired material membrane filtration or centrifugation may be further methods
for isolating the desired products of detonation using this sizing discrepancy
advantageously.
In terms of prediction of the T-P state during detonation, this study was limited in
that the factorial study only evaluated the C-J pressure of the detonation products.
Expansion and quenching rates were assumed based on published data for a similar
RDX/TNT composition. Modeling expansion of the products could be achieved by using
a cylinder test to derive a full JWL equation of state for the expansion of the detonation
products. This would enable prediction of T and P conditions during expansion that are
exactly representative of the compositions used in the synthesis tests.
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